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ROUND OF THE INVENTION

This application is a Continuation-In-Part of U.S. Patent

Application SN 07/429,435.

Field of the Invention

¢

This invention relates to the field of stereolithography,
which is a technique for making solid, three-dimensional objects
(or "parts") from solidifiable materials (e.g. fluid or fluid-
like material such as photopolymers, sinterable'powders, and
bindable powders). .

In recent years, stereolithography systems, such as those
described in'U.S. pPat. No. 4,575,330, issued March 11, 1986 and
entitled "Apparatus for Production of Three-Dimensional Objects
by Stereolithography," have come into use. Basically,
stereolithography is a method for automatically building complex
three-dimensional parts by successively solidifying thin cross-
sectional layers. These layers may be composed of photopolymer
resin powdered materials, or the like. Some types of powder
materials are converted from a fluid-like medium to a cohesjve
cross-section by melting and solidification. The layers are
solidified on top of each other consecutively until all of the
thin layers are joined together to form a whole part.

Photocurabls polymers change from liquid to solid upon exposure

to synergistic stimulation. Many photopolymers exist whose

- This Sheet Has Boen Replaced

MMM |Ill




L4

described in U S. Pat. 7§he WWMrCh 11, 1986 and entitled

" Appar at us for Productlon of al ijects by ENT
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successively solidifying thin cross- sectional |ayers. These |ayers may be
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them practical model building materials. 1In a preferred systen,
a radiation source (e.g., an ultraviolet laser) generates a beam
5 which is focused to a small intense spot which is moved across
the liquid photopolymer surface by galvanometer or servo type
mirror x-y scanners. The scanners are driven by computer
generated vectors or the like. The material that is not
polymerized when a part is made is still functionable and remains
10 in the vat for use as successive parts are made. With this
) technology, the parts are literally grown from a vat of fluid-
like material (e.g. resin or powder). Specifically, the parts
are grown from a thin layer near a surface of the vat of fluid-
like material. In this manner precise complex three dimensional
15 patterns can be rapidly produced. This method of fabrication is
extremely powerful for quickly reducing design ideas to physical
form for making prototypes.
This technology typically utilizes a stereolithography
apparatus, referred to as an "SLA," which generally includes a
20 laser and scanner, a photopolymer vat, an elevator, and a
controlling computer. The SLA is programmed to automatically
make a three-dimensional part by forming it as a sequence of
built-up cross-sectional layers.
Stereolithégraphy represents an unprecedented way to guickly
25 make complex or simple parts without tooling. Since this
technology depends on using a computer to generate its cross-
sectional patterns, there is a natural data link to computer
aided design and manufacture (CAD/CAM). However, such systems

have presented challenges relating to structural stress, shrink-

30 age, curl and other distortions, as well as resolution, speed,



solidified on top of each other consecutively until all of the thin layers
are joined together to forma whole part. Photocurable polynmers change
fromtiguid to solid upon exposure to synergistic stinulation. Many PATENT
phot opol yners exi st whose phot ospeed (rate of transformation f¥¥M3T1%EH d
to solid) upon irradiation with ultraviolet light (W) is fast enough to

make . .
accuracy and difficulties in producing certain object shapes.

Related Patents and Applications
The following U.S. patents and U.S. Patent applications are
incorporated by reference into this disclosure as though fully
5 set forth herein:
4,575,330
07/429,435
07/331,664
07/269,801
10 07/182,830
/415,134
07/339,246
07/182,801
07/183,015
15 07/183,012

07/268,429

07/429,911 e

K (TN

20 _ 07/249,399
PCT/US89/04096
L&L Docket 186/173 filed 10/30/89,
Inventors: Lewis, et al;
Entitled: Improved Systems For Post
25 Processing Objects Formed In A
Stereolithography Apparatus.
The instant application is a continuation-in-part of U.S.
Patent Application Serial No. 07/429,435, which in turn is a
30 continuation-in-part of U.S. Patent Application Serial Number
07/331,664, which is in turn a continuation-in-part of U.S.
Patent Application Serial No. 07/269,801, which is in turn a

continuation~in-part U.S. Patent Application Serial No.
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P ent ngilcatlonrgerlgi No. 07/331,664 describes in great

detail the presently preferred stereolithographic apparatus, as
5 well as various methods to form parts therewith. This
application is incorporated herein by reference, including its
appendices, as though fully set forth herein to facilitate
handling due to its relatively lengthy disclosure. Two reference
manuals, The SLA-250 User Reference Manual and The SLA-500
10 Reference Manual are hereby incorporated into this disclosure by
reference as though fully set forth herein and accompanied U.S.
Patent Application Serial Number 423,435 as Appendices B and C
respectively.
U.S. Patent 4,575,330 to Hull discusses stereolithography in
15 general. It teaches complete polymerization of each cross-
section in the formation of a stereolithographically-formed
object.
U.S. Patent Application Serial No. 07/415,134 describes off-
absorption-peak wavelength post curing of parts which were formed
20 based on the primary approach to building stereolithographic
parts.
U.S. Patent Application Serial No. 07/339,246 describes
several methods of reducing curl distortion.
U.S. Patent Application Serial Number 07/182,801 describes
25 the use of web supports to support and minimize curl in a part
being formed.
U.S. Patent Application Serial No. 07/183,015 describes the
use of "smalleys" to minimize curl.
U.S. Patent Application Serial No. 07/429,911 describes the

30 use of multiple penetration depths in the stereolithographic
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produced. This nethod of fabrlcatlon IS extremely powerful for quickly
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parameters assoc1ated w1th the creation of stereolithographic
parts. This application also describes the role of beam profile
5 information in the creation of skin fill and discusses various
multiple wavelength curing methods for reducing part distortion.
U.S. Patent Application Serial Nos. 07/415,168, 07/268,429,
and 07/183,102 disclose various methods of finishing a
stereolithographic part surface to smooth out discontinuities in

10 a post-processing step.

U.S. Patent Application Serial Nos. 07/265,039 and
07/249,399 which together form the basis of PCT Application
Serial No. PCT/US89/04096 disclose the use of a doctor blade for
obtaining a uniform coating of resin of known thickness over each

15 cross-section of a stereolithographic part as well as a system
for maintaining a known surface level of the building material as
the part is being built.

U.S. Patent Application Serial No. 07/____,  (Lyon & Lyon
Docket No. 186/173, filed October 30, 1989, and entitled,

20 - "Improved System of Post-~Processing of Parts by
Stereolithography,® discusses post-processing techniques.

In the normal practice of stereolithography, objects or
"parts" are built on a layer-by-layer basis, where each layer
represents a thin cross-section of the part to be formed.

25 Initial approaches to stereolithographic part building were based
on the complete filling (e.g. substantial polymerization of all
regions of a cross~section to a thickness at least as deep as the
layer thickness) of layers. This filling was either done by the
scanning of a pencil of light, by a focusable (defocusable)

30 pencil of light, or by flood exposure of an appropriate cross-
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adjacent overlapping vectors until the entire cross-sectional

pattern was cured. These initial approaches suffered from
5 several drawbacks, including distortion, curl, inaccurate sizing,
lack of structural integrity, and lack of uniformity in down-
facing surface appearance.
Later stereolithographic'teéhniques used an internal lattice
of partially cured building material ("cross-hatch" or "hatch")
10 in place of completely filling the successive cross-sections.
The internal structures primarily consisted of cross-hatch
separated by untransformed building material (e.g. liquid
photopolymer or the like). In this approach, the outer and inner
edges of each layer are solidified by scanning of what are called
15 "boundary vectors" (also termed, "boundaries" or "border vectors"
or "borders'). These vectors separate the interior solid regions
q§ a cross~section from exterior untransformed building material.
é¥oss-sections or portions of cross-sections that bound external
regions of the part are completely filled with skin fill (termed
20 "£ill" or "skin") after being cross-hatched. The hatch insured
adequate support for the "skin" as it is being created, thereby
minimizing distortion.
The skin, crosshatch, and borders trap untransformed
building material (e.g. liquid photopolymer) internally in the
25 part structure and hold it in place while the part is being
created. The trapped untransformed building material (e.g.
liquid photopolymer) and at least partially transformed building
material (e.g. at least partially cured polymer) which forms the
boundaries, hatch, and skin are brought to full transformation

30 (e.g. polymerization) in a later process known as "post curing".



30 age,

Pat ents ahd Applications Th

curl and other .S ortlons as well as resolution, speed, 2
accuracy and difficulties |§s tﬂB&ﬂaln obj ect shapes. Rel at ggTENT

applications are

10

15

20

25

30

I" S. patents and U.S. Patgasb/179.F

For additional infétmation on post-curing, see U.S. Patent
Application Serial No. 07/___,_ , directed to the post curing
process.

Fairly extensive post-curing can be required when the
internal cross-hatch lattice only defines discrete x-z and y-z,
planes, or the like, which are separated from each other by more
than the width cured by a beam, as in such cases long vertical
corridors of unpolymerized material remain substantially uncured
until post-processing. It is an object of the invention to
provide a method of reducing or eliminating post-processing time
and associated distortions while increasing structural integrity
of the stereolithographically formed part.

Stereolithographic building techniques have upon occasion
resulted in down-facing features having a "wafflish" appearance
and texture. This appearance and texture are due to
inappropriate curing techniques being used on regions of layers
that contain down-facing features. When down-facing features are
given both hatch and skin £ill, there can be overexposure of the
regions where the hatch and fill coincide. Similarly,
overexposure can occur at the points of intersection of cross-
hatch vectors. In the past, it has been possible to ignore the
requirement of uniform cure depth for down-facing features, since
other accuracy-related errors overshadowed this effect. However,
as the stereolithography art strives for and attains increasingly
higher levels of accuracy, imperfections such as these can no
longer be overlooked. It is an object of the invention to
correct these imperfections in combination with improved building
techniques.

It is also an object of the invention to obtain accurate

skin thicknesses without the need of periodically building test

o
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parts and without the need of being concerned with energy
distribution in the beam (beam profile). Traditionally, the
methods used to estimate skin depth were only guesses that had a
remote connection to actual experimental data or theoretical
expectations. The actual skin thicknesses obtained by these
traditional approaches were strongly dependent upon beam profile
characteristics, skin vector spacing, drawing speed, and resin
characteristics., However, these parameters were not coordinated
to yield a particular skin thickness. For example, skin
thicknesses intended to be 20 mils could easily range from 15 to
25 mils. In the past, this type of thickness range has been
tolerated, but as the art of stereolithography advances, there is
an increasing need for more accurate and less cumbersome methods
of predicting the required exposure to obtain a desired skin

thickness.

SUMMARY OF THE INVENTION

To these ends, a stereolithographic method comprises the
steps of constructing stacked layers to form an object having
external boundaries, internal cross hatch, and skinned up- and
down-facing features. Skin fill is provided in less than all
regions of the stacked layers, but in association with more than
the up- and down-facing features of the object.

To these ends, all cross-sectional layers may be provided
with skin fill and crosshatch.

According to another aspect of the invention, a method
provides all cross-sectional layers with boundaries and
unidirectional fill or multidirectional fill and no cross hatch.

According to another aspect of the invention, a method

provides boundaries appropriate to each cross-section and
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provides cross-sections with at least two types of non-parallel
hatch vectors wherein effective adhesion (that capable of
transmitting significant curl) only occurs at the overlapping
points between the vectors of the two hatch types. Additionally
the hatch vectors of each type are spaced as close together as
possible without being spaced so close that they can induce curl
into adjacent vectors or have curl induced in them by adjacent
vectors.

According to another aspect of the invention, a method
comprises the steps of providing boundaries appropriate to each
cross-section and providing cross-sections with at least two
types of non-parallel hatch vectors that are offset from their
corresponding types on the previous layer wherein effective
adhesion between cross-sections (that capable of transmitting
significant curl) only occurs near the overlapping points between
the vectors of the two hatch types of the present layer.
Additionally, the hatch vectors of each type are spaced as close
together as possible without being spaced so close that they can
induce curl into or have curl induced in them by adjacent vectors
or transmit curl from one vector to another vector.

According to another aspect of the invention, each region of
a cross-section that is internal to the object (i.e. not forming
a down-facing or up-facing region), is cured in the form of point
exposures, "bullets". The point exposures on successive layers
are offset one from another, and the bullets are cured to
approximately a depth of one layer thickness. The spacing of the
point exposures on a single layer are as close together as is
reasonable without the material cured in association with each
bullet affecting the material cured in association with adjacent

bullets. 1In this approach the up~facing and down-facing features

-
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07/ 429,301 Entitled: Inproved Systens For Post 25 \
Processing Cbjects Forned |ThisAhest ek BehREQREH aphy Apparatus. The inst ggfent
appli.catjon is a continuati o”wﬂm S: Patent Application $86)yete .
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Application Serial Nunmber 07/331,664, which is in turn a
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which is in turn a
According to yet another aspect of the invention, each

region of a cross-section that is internal to the object (i.e.
not forming a down-facing or up-facing region}, is cured in the

5 form of point exposures, "bullets", wherein the bullets are cured
to a depth substantially equal to two layer thicknesses, and
wherein bullets on successive layers are offset one from another.
The positioning pattern is repeated every other layer, and the
spacing of the bullets on each cross-section is such that their

10 cured separation is greater than zero but less than their cure
width one layer thickness below their upper surface. The bullets
cured on the present layer substantially fill in the gaps left in
the previous cross-section when it was formed. In this approach
the up-facing and down-facing features may be formed by a variety

15 of techniques.

According to another aspect of the invention, each region of
a cross-section that is internal to the object and exists on the
present cross-section as well as the N-1 succeeding cross-
sections, is cured in the form of point exposures, "bullets".

20 ° Each cross-section is divided into a pattern of slightly
overlapping bullets. These bullets are divided up into N groups
where the bullets associated with successive groups are used to
expose material in association with the successive cross-sections
beginning with the present cross-section. Each bullet is cured

25 to a depth substantially equal to N layer thicknesses. In this
approach, regions of cross-sections within N-2 layers of a down-
facing feature are handled by modified techniques similar to
those described above, and the up-facing and down-facing features
may be formed by a variety of techniques.

30 According to yet another aspect of the invention, at least

10
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U. S. Patent Application egﬁg : 429, 435 descri bes sone nmain fes &
of tihe, présent inventi§ H ﬂ /égé.r

m nt Application Serial No. 07/3g4,
describes in great det tly preferred stereolithographic

apparatus, as 5 wel | as various nethods to formparts therewith. This
up~- and down- facing features are provided with skin £ill that is

created by scanning in a first pass using nonconsecutive fill

vectors, followed by scanning in at least one additional pass

that completes the exposing process by filling in between the
5 originally drawn vectors.

In another aspect of the invention, regions of intersecting
vectors at least in down-facihq surfaces are determined, and
exposure of one or more of the respective intersecting vectors at
these intersecting regions is reduced, such that at least the

10 down-facing features have a uniform exposure.

In another aspect of the invention, a region that contains a
combination of hatch and fill vectors is created and cured to a
uniform depth. The creation of this region comprises the steps
of creating the desired hatch vectors, and then creating

15 corresponding skin fill types that do not contribute to
additional exposure of the regions of their corresponding hatch
vectors.

In another aspect of the invention, an improved
stereolithographic method comprises determining necessary

20 exposure and vector spacing and scanning parameters in order to
obtain a known thickness of skin fill.

In still another aspect of the invention, a
stereolithographic method comprises the steps of constructing
stacked layers to form an object having external boundaries,

25 internal cross hatch, and skinned up- and down-facing features.
Specifically, this method comprises the steps of: (a) selecting
layers to be provided with skinned surfaces:; (b) providing means
for calculating the amount of total exposure required to obtain
skin curing of a preselected depth at the layers selected to have

30 skinned surfaces; (c¢) providing means for determining the number

11
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applicétion is incorporated herein by reference, including its appendices,
as though fully set fOlx¢S$hedyBascHern Repladedici |itate handling due to its

rel ativel,y lengthy dis ef erence manual s, The SLA-250 U%%&ENT
Ref erence Manual and T Ref erence Manual are herelRygq,q17q.5
I ncorporated into this disclosure by reference as though fully set forth
herein and acconpanied U. S. Patent Application Serial Nunmber 429, 435 as
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stereolithography in
(d) providing means for at least partially transforming (e.q.

pelymerizing) the layers by exposing them first to boundary
vectors, then to hatch vectors, and then to skin vectors, each
5 vector providing an exposure sufficient to cure to the
preselected depth calculated in step (b), divided by the number
of other vectors that will intersect the vector at a given region
as determined in step (c).
According to other aspects of the invention, these

10 improvements are used in combination with one another and/or in
combination with curl reduction techniques as described in: U.S.
Patent Application Serial No. 07/339,246; U.S. Patent Applica£ion
Serial No. 07/183,015; U.S. Patent Application Serial No.
07/182,801, and the other applications cited previously all of

15 which are fully incorporated herein by reference. For example,
according to yet another aspect of the invention, an improved
stereolithographic method is disclosed comprising the combined
use of hatch with nonconsecutive skin fill in more than the up-
and down- facing features. As another example, an improved

20 stereolithographic method is disclosed comprising the method of
reducing exposure where vectors intersect and providing
discontinuities in skin f£ill to avoid multiple vector exposure in
regions where hatch vectors have been provided.

Other aspects of the invention, together with objects and

25 attendant advantages of the various embodiments, will best be

understood from an examination of the drawings along with the

detailed description below.
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in the far ‘ , ol i t hographi cal | y-forned object. Wg@ ﬁg T
Appl.i catii ony QeF115, 134 describes off- absorption- peak 4 ﬁth
post curi ngij i8ih were forned 20 based on the prinmary approach
to building aphic parts. U S. Patent Application Serial No.

07/ 339, 246 descrlbes several methods of reduci ng curl distortion.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGURES la-1d collectively show a top view of a layer
showing boundaries, hatch and skin without compensation for
5 multiple exposures of building material at the various regions of
the cross-section. FIGURES la-1d represent respectively: a)
boundaries only; b) crosshatch only; c¢) skin only: and d)
combined vectors.
FIGURES 2a-2d collectively show a side view of FIGURE 1d as
10 intersected by various vertical planes. FIGURES 2a-2d represent,
respectively: a) repeat of FIGURE 1d with vertical planes; b) a
view of the edge of the layer along plane 1 showing the various
depths obtained in different regions:; c) a view of the edge of
the layer along plane 2 showing the various depths obtained in
15 different regions; anﬁ d) a view of the edge of the layer along
plane 3 showing the various depths obtained in different regions.

FIGURES 3a-3e collectively illustrate a top view of a
layer showing boundaries, hatch and skin as created by a
presently preferred technique. FIGURES 3a-3e represent

20 respectively: a) boundaries only; b) crosshatch only; ¢) skin
type 1; d) skin type 2; and e) combined vectors.

FIGURES 4a-4d collectively show a side view of FIGURE
3e as intersected by three different vertical planes. FIGURES
4a-4d'represent, respectively: a) repeat of FIGURE 3e with

25 vertical planes; b} a view of the edge of the layer along plane
1 showing the various depths obtained in different regions; c} a
view of the edge of the layer along plane 2 showing the various
depths obtained in different regions; and d) a view of the edge

of the layer along plane 3 showing the various depths obtained in

30 different regions.
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U. S. Patent Apfils Shadt HayvBeebded N\unber 07/ 182, 801 descri bes 25 t headggTof
web supportsito inimze curl in a part being forned.aidd/379.¥%
Pat ent . Appl i cat ﬂ'ﬁﬁ’gﬂ 07/ 183, 015 describes the use of "snalleys" to
mnimze curt. U'S plication Serial No. 07/429,911 describes the
30 use of nulRIGIRESpSactndt bbnitibpstratien theeprvfitesi choyrapted 4

- M"gtring," corresponding to the cure produced by a single vector.
FIGURES 6a~6d show down-facing surface profiles of parts
made in accordance with Example II below.

5 FIGURES 7a-7c¢c show a comparison between traditional vector
ordering techniques and examples of various vector ordering
techniques of some of the preferred embodiments of the present
invention. FIGURE 7a depicts a top view of a cross-section of an
object showing a consecutive drawing order for the vectors.

io0 FIGURE 7b depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in two passes.
FIGURE 7c depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in three passes.

FIGURES 8a-8i collectively illustrate the vectors used and

15 cure depths obtained, for a sample cross-section, by utilizing
the "weave" building embodiment. FIGURES 8a, 8c, and 8e
respectively represent top views of boundary vectors, X hatch
vectors, and Y hatch vectors. FIGURES 8b, 8d, and 8f depict side
views of the material cured in association with FIGURES 8a, 8c,

20 and 8e respectively. FIGURE 8g represents a top view of the
combination of material cured by the individual vector types of
FIGURES 8a, 8c, and 8f. FIGURE 8H and 8I represent side view of
the cure depths associated with two different vertical planes
intersection the cross-section of FIGURE 8g.

25 FIGURES 9a and 9b collectively show a side view indicating
the difference between stacking one direction of crosshatch on
top of each other from layer to layer and staggering the hatch
from layer to layer. FIGURE 9a depicts a side view of hatch
being stacked on top of each other from layer to layer. FIGURE

30 9b depicts a side view of hatch being staggered from layer to

14 .
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Thi s applicg&%&p.also desct5
FIGURES 10a-10c¢ collectively show the configuration of

in the creation of skin fi

bullets cured in association with practicing the seventh
embodiment of the present invention. FIGURE 10a depicts a top
5 view of the boundary and bullets cured on a first cross-section.
FIGURE 10b depicts a top view of the boundary and bullets cured
on a second cross-section. Comparison of FIGURES 10a and 10b
indicate that the bullets are staggered from the first to the
second layer. FIGURE 10c depicts a side view of the boundaries

10 and bullets of five cross sections stacked one on top of the
other.

FIGURE 11 illustrates a side view of the overlapping nature
of the bullets formed in practicing the eighth embodiment of the
present invention.

15 FIGURE 12 depicts the three-dimensional object used in
Example 1 to test the improvements of "skintinuous" building.

FIGURE 13 depicts a top view of the uppermost cross-section
of the part of FIGURE 12, along with indications as to what
measurements were made on the part; and

20 FIGURES 14a and 14b collectively depict a side view of a CAD
designed object and the object as reproduced according to the
teaching of the first preferred embodiment of the present
invention. FIGURE 14a depicts the CAD designed object, and
FIGURE 14b depicts the reproduction.

25 FIGURES 15a, 15b, and 15c collectively depict the part used
in the experiment of Example VI. FIGURE 152 depicts a three-
dimensional view of the part. FIGURE 15b depicts a top view of .
the part. FIGURE 15c depicts an exaggerated top view of the
distortion of the part after post curing.

30 FIGURES 16a, 16b, and 16b’' collectively depict sample cross-

15 *
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Pat ent Application Serial Nos. 07/415, 168, 07/268, 429, and 07/18
di scl ose ,vari ous nethods of finishing a stereolithographic part surface to

snoot h out (HckGeRk B heébgaaéofor @hepgﬁxtrgé 5@CB2 S NSt PA@AP sHng f;aif%laimg
Application Serial Nos. 07/265,039 and 49, 399 whi ch toget her rmtheé

basis of PGQhdAgpkwhegacingSEeatlhrdd. ofPGH UBGRL040RE fkh§0ﬂ'élsétitdﬁéhi§)€dff a
doctor bl ade for obtaining a unlforn1coat|ng of resin of known thickness
over each such features to subregions of each cross-section. FIGURE 1l6a
depicts a top view of the bounded and unbounded regions of a
5 single sample cross-section. FIGURE 16b depicts a side view of
three sample cross-sections of an object. FIGURE 16b' depicts a
side view of the subregions of the middle cross-section.
FIGURES 17a~g illustrate various patterns and shapes for
tiling and the weak bending axes, if any, associated with each

10 pattern/shape combination.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The instant invention addresses alone or in combination four
improvements in stereolithographic methods: Thése are, first:
methods of increasing structural integrity while reducing the

15 need for post~curing; second: methods of obtaining uniform
exposure in regions of intersecting vectors of different types:
third: methods of determining cure depth; and fourth: methods
intended to reduce distortion due to shrinkage, curl, and post
cure. Although these three aspects of the invention are closely

20 inter-related and are often cross-dependent, they will be
addressed in sequence in this detailed description, and will also

be illustrated in the examples below.

Definitions
25 "Beam profiles" represent the energy distribution of
irradiation in a beam of ultraviolet light or the like, used to
cure photopolymer or other curable material in accordance with
stereolithography practices.
"Building materials™ are materials that can be used in the

30 present invention for forming three~dimensional parts. The

16 ' This Sheet Has
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15 cross-section of a stere I
mai nt ai ni ng a known surface Ie
bei ng..bui;l't. U. S. Patent App|IC 07/ 429, 301 di scus}
post - processi ng techni ques. 20 I _ racti ce of stereollthography,
obj ects or a@ééf:ﬁabﬁé%@mdin@rhaﬁcéﬁléqrs Byel Ryedr DAY Thathehf €R&AskaMRr
represénts a thin cross-section of the part to be forned

from one state to another state in response to exposure to

t as well as a syste 8
ding material as the 99/

synergistic stimulation. The two states are then separable after
exposure of a single layer to synergistic stimulation or
5 separable after completion of a plurality of layers. The most
preferred materials are materials that transform from a fluid-
like state to a cohesive state or solid state. These materials
include liquid photopolymers, sinterable powders, bindable
powders or the like. Prior to exposure to appropriate
10 synergistic stimulation (e.g. IR radiation from a Carbon Dioxide
laser or the like) the sinterable powders are in a fluid-like
state since the powder particles can flow past one another
whereas after sintering the powder particles are joined to form a
cohesive mass. Similarly the bindable powders are in a fluid-
15 like state prior to exposure to appropriate synergistic
stimulation (e.g. a chemical binder dispensed into the powder in
a selective and controlled manner) whereas after exposure the
binder sets and the powder (and binder) form a cohesive mass.
The most preferred of the above materials for the present
20 invention are the photopolymer type materials. Other acceptable
materials include relatively solid sheets of material that are
transformable from one state to another. These sheet like
materials include "dry film" type photopolymer materials that can
be solidified upon exposure to appropriate synergistic
25 stimulation wherein after exposure the exposed and unexposed
materials can be separated by differential solubility in an
appropriate solvent.
"Bullets" are volumes of a building material which are
solidified in response to a beam of synergistic stimulation

30 exposing the material in substantially single non-overlapping
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25 I'nitial approaches to st ergalghd Yolot:To) i rt building were bapaeeft

the conplete filling (e.g. substap tion of all regi ansaksar
cross-seciton to a thickness at IB E s the layer thickness) of
| ayers. This filling was either d i nning of a pencil of light,

by a focusalgedintddirradsabliens30 The punwl sbapei giit thercuwwed Imederdadodsr e of
an appropriate cross- )
similar to that of a bullet. FIGURE 5b depicts a cross-sectional
view a line or vector of material cured by a beam of radiation.
It can equally well be interpreted as depicting a two dimensional
5 view of a bullet, wherein the three-dimensional bullet would be

the volume of revolution formed by rotating the object about a

vertical axis through its center.

"Effective Cure Width" (ECW) is a distance equal to twice

10 the closest possible spacing of two vectors from one another
that will render a given individual cure depth (i.e., a cure
depth associated with each vector) without measurably increasing
the cure depth of the combination. For the preferred beam
profiles and cures, the Effective Cure Width (ECW) is always less

15 than the Maximum Curé Width (MCW) (i.e., the width of the
solidified string at the building material surface), such that
different lines of solidified material can be adhered without an
increase in cure depth. For example, in FIGURE 5b, the
horizontal separation between lines 118 and 120 might represent

20 the ECW for string 100. Typically, one half the ECW represents
the closest point that a similar line of material can approach
string 100 without measurably increasing its maximum cure depth.
More generally, the ECW is a zone that surrounds the center line
of a string, such as string 100, that represents the closest

25 position that another string (of arbitrary thickness and
direction) of solidified material or set of strings of material
can approach the first string without resulting in the maximum
cure thickness of the combination being measurably greater than
the maximum thickness of either string. As two non-parallel

30 vectors approach an intersection point, the excess exposure
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("cross-hatch™ or "hatch")
profile and angle of approach of the two vectors. If the vectors
are perpendicular the excess exposure point is the 1/2 the ECW.
5 If the vectors approach each other at a 45 degree angle the
excess exposure point is at 1/2 x 1.414 x ECW. An approximate
relationship between ECW, the angle of approach, and the EEP is
EEP = (1/2) x ECW / SIN(A),
where A is the angle between the vectors. A more accurate
10 relationship can be derived from information regarding the beanm
profile, the depth of cure, .the building material response
characteristics, and the intersection direction of the vectors.
"Layers" are the incremental thicknesses between successive
cross-sections into which an object is divided. These layers
15 form the basis for the thicknesses of building material (e.qg.
photopolymer). They must receive sufficient exposure to
synergistic stimulation (e.g. ultraviolet light or other
polymerizing radiation) to transform from their fluid-like state
into a cohesive structure. The layers are constructed to adhere
20 to one andther and collectively form a solidified (e.g.
polymerized or partially polymerized) stereolithographically
produced part.
"Maximum Cure Depth (MCD)" and "Maximum Cure Width (MCW)"
refer, respectively, to the deepest and widest cure that is
25 obtained when exposing a single line or bullet of uncured
building material to synergistic stimulation. The maximum cure
depth is generally what is referred to as the cure depth of
boundary and hatch lines. Since the beam of light is not
generally of constant intensity across its width, the cure depth

30 and width caused by this beam tracing across a line one or more

19
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depending on the distribution of intensity in the beam. It may
5 also depend on the direction of scanning of the beam in forming

the trace. The maximum width of cure occurs at the top (surface)
of the cured line of material. An example of the maximum depth
and width of cure are depicted in FIGURE S5a which shows a line
(sometimes called a string) of cure material 100. Vector 102

10 indicates the scanning direction used in creating the string of
material 100. Surface 104 represents the solidified material
that was created from the fluid-like material that formed part of
the surface of the curable material. FIGURE 5b represents an
end-on view of string 100. Line 106 indicates the position of

15 the top of the cured string 100, while line 108 represents the
bottom of cured string. The vertical distance between 106 and
108 is the maximum cure depth of string 100. Line 112 represents
the left-most edge of string 100, while line 114 represents the
right-most edge of string 100. The horizontal separation between

20 - 112 and 114 is the maximum cure width of string 100. Such a
string 100 of solidified building material may be used for
several purposes: 1) to insure adhesion between the layer
associated with its creation and the preceding layer, 2) to form
a down-facing feature of a part being created, and 3) as an

25 element of a series of such strings of cured material, where the
series will be.used for one of the above two purposes. An up-
facing feature is not included in the above since it can be fit
into one of the above categories depending on the situation. For

the first purpose listed above, maximum cure depth may

30 preferably be greater than the layer thickness. The vertical

20,
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"fill" or "skin") after being cr 1The hatch i nsured aded?GENT
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partially transtornmed buil ding
represents the layer thickness, and for the third purpose the
vertical separation between line 106 and line 116 might represent
5 the layer thickness since the net thickness of the cured material
night increase from the segments overlapping each other.
"Ogverlapping® refers to two or more exposures being given to
a region so that an increase in maximum cure depth occurs. Since
cure profiles are not necessarily step functions, two separately
10 exposed areas can touch and bind to one another without changing
the maximum cure depth of either. When two lines are exposed
beside one another their maximum widths may -overlap resulting in
a larger exposure in this region, and a corresponding increase in
depth. But if this additional exposure does not occur in the
15 region near the maximum cure depth of the individual lines, their
combined maximum cure depfh will not generally be measurably
deeper than their individual maxima. Overlapping sometimes
refers to situations when two side by side exposures affect the
curing of each other whether or not they result in an increase in
20 the maximum cure depth of either one. The context in which the

term "overlapping" is used will generally make its meaning clear.

"Step Period" (SP) is a part-building parameter that defines
the period between each laser step.

25 "Step Size" (SS) is a part-building parameter that defines
the size of the step moved by the laser spot on the building
material surface.

nyectors'" are data that represent the length and direction
and length of irradiation exposure/in the process of solidifying

30 the building material in the preferred embodiment of the present
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naterié! (e.g. at Ieastngmﬁ&ﬁgmMmmuﬁﬁgdpolyner) whi ch forns the PATENT
boundaries, hatch, and sgﬂmwgﬂmﬂmmt 0 f'l'.l| | transf or mat ion 30190 /4% .9
pol ymerization) in a |at | as "post curing". 6 7 For
additional information o - img, see U. S. Patent
invention (e.g. a scanning beam of ultraviolet radiation, on a
liguid photopolymer, or other fluid-like, solidifiable mediums).
ngkin" vectors are horizontal surface vectors that are
typically traced from one boundary to an opposing boundary at
5 relatively high speed and with a substantial overlap between
successive vectors which are generally traced in opposite
directions, and typically form "skin fill" which defines at least
the upper and lower horizontal exterior surfaces of a
stereolithographically-formed part in traditional
10 stereolithography and in several of the preferred embodiments of
the present invention. Typically, skin vector spacing is from
about 1 to about 4 mils for a maximum cure width of a single
exposure being about 14 to 15 mils. Of course, these exemplary
and illustrﬁtive parameters can be varied as needed based upon
15 such considerations as the desired smoothness of the layers, the
power of the laser, the possible speed range of the irradiating
source (i.e., the maximum drawing speed), the layer thickness
desired, and the number of vectors that are desired to be stored.
According to certain aspects of this invention, however, skin
20 fill is provided in more than the exterior surfaces of the part.
According to other aspects of the invention, skin vectors can be
drawn non-consecutively and/or nonoverlapping (e.g., a first pass
at 7-8 mil intervals and a subsequent pass at intervening
intervals). These aspects and others are described in detail
25 below.
vBoundary" vectors are traced to define the vertical
exterior surfaces of the stereolithographically-formed part
(therefore to define the range of each cross-section). These
vectors generally are scanned more slowly than skin vectors such

30 that a greater cure depth is obtained. Boundaries, unlike skin
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Application Serial No. 07/429, 30
Fairly extensive post-curing c¢an

given layer overlap regions of the previously formed layer (non-
down-facing regions), it is preferred that the cure depth exceed .
5 the layer thickness, so that improved adhesion between layers
results. In regions of down facing features, it is preferred
that net cure depth be substantially equal to the layer
thickness.
“"Hatch" vectors are similar to boundary vectors, except that

10 they are traced in a substantially uniform, criss-cross type
pattern, to define the internal lattice structure of the
stereolithographically-formed part. Again, it is preferred that
the cure depth exceed the layer thickness, if being drawn in a
non-down~-facing region, so that improved adhesion between layers

15 results. If being dr;wn in a down-facing region, then layer
thickness cure depth is preferred. In several preferred
embodiments of the present invention, adhesion between layers is
obtained by the extra cure depth that is obtained from the
intersections of two or more crosshatch vectors wherein the cure

.20 depth of the individual hatch lines is insufficient to cause curl
inducing§3gpgsion between the layers.
“Skiﬁtiﬂhous“ in general terms describes any building
technique which generates a substantially solid fill pattern over
a substantial portion of the cross-sectional area of a part.

25 "Multipass" refers to a drawing technique which utilizes
more than one pass to expose a region (e.g. a line) so that the
material is substantially reacted before direct adhesion with
surrounding structures takes place. The purpose of this method
is to minimize pulling forces between layers and therefore to

30 reduce curl.
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"Tiling" is an interrupted scanning technique that applies

to relatively wide regions as opposed to vectors (the wide

5 regions may be made up of vectors). This scanning results in
distinct shapes which fit together very snugly but are not
adhered to each other. The intention of this method is to
maximize percentage of build process curing while reducing
transmitted stresses that generate curl.

10 "Log Jam" refers to a scanning technique where some
internal hatch (or fill) vectors are retracted from the layer
borders to avoid adhesion, wherein after exposure of the hatch or
fill an offset border or the like is scanned to attach the hatch
and original border.

15 "ouilting" refers to a drawing technique which first
partitions each léyer into patches by scanning a relatively large
crosshatch structure. Each patch is then treated as an
individual region to be scanned. This method relieves problems
that can arise when drawing relatively large regions with

20 floating material techniques'(e.g. log jam).

“§;§gg§;m“ refers to a scanning technique wherein a down-
facing g;gion is given extra exposure to make it extra rigid
thereby increasing its ability to resist distortion caused by
adhesion with material from the next higher layer.

25 "Weave" generally refers to any drawing pattern which
generates a near solid fill pattern, wherein vectors on the first
pass (threads) are spaced slightly further apart than the maximum
cure width (MCW) and have exposures that are less than that
necessary for adhesion (i.e. under cured). Adhesion is obtained

30 on a second pass or higher order pass by cumulative exposure
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overl ooked. resy8ting at the intersecting regions of threads. These

intersecting regions are sometimes called stitches.

"Interlace” is a particular type of "non-consecutive

scanning® wherein every other vector is scanned on a first pass
5 of a region and the other vectors are scanned on a second pass.

"staggered" refers to a building method where different
drawing patterns are used on alternating layers. For example
staggered hatch refers to offsetting or shifting the hatch
vectors on every other layer so that the hatch vectors on

10 adjacent layers do not overlay each other. The intended purpose
of this method is to produce a more homogeneous structure and
possibly to reduce curl in some instances.

"Smalleys" refer to a building technique where holes or gaps
are placed at critical locations on a given cross-section

15 {(generally implemented through the CAD design but they can be
implemented from a Slice type program onto individual cross-
sections). They reduce curling by interrupting the propagation
of stresses from one region of a layer to another region of the
layer.

20' "Riveting" or "Stitching" refers to an exposure technigque
that applies different levels of exposure to a given layer,
wherein some of the exposures are less than that necessary for
adhesion and some of the exposures are sufficient to cause
adhesion thereby creating discrete locations of adhesion which

25 might resemble rivets.

"Webs" are support structures that are not a portion of a
desired final reproduction of a CAD designed object but they are
formed along with the object by the stereolithography apparatus
to give support to various features of the object and to allow

30 easy separation of the object from the building platform.

-
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an upper or lower extent of the object.

Each cross-section is formed from a combination of bounded
5 and unbounded regions. Bounded regions are those that form a
portion of the solid structure of an object (regardless of
whether the region is formed as a completely solidified region or
as a cross-hatched region). Unbounded regions are those that
form an empty or hollow portion of an object. These concepts are

10 depicted in the example of FIGURE 16a. FIGURE 16a depicts a top
view of a sample cross-section of an object. This sample cross-
section can be divided into three bounded regions and two
unbounded regions. Boundary 700 bounds region 705, boundary 710
bounds region 715, and boundary 720 and 725 bounds region 730.

15 Regions 735 and 740 are upbounded regions.

Each of the bounded regions of a cross~section may be
divided into subregions, which are determined by relationships
between bounded regions on a given cross-section and bounded and
unbounded regions on the two adjacent (one higher and one lower)

20 cross-sections. Up-facing regions of cross-section "i" are those
bounded subregions of cross-section "i" that are underneath
unbounded subregions of cross-section "i + 1%. The down~facing
subregions of cross-section "i" are the bounded subregions of
cross-section "i" which overlay unbounded subregions of cross-

25 section "i - 1", Some subregions may represent both up-facing
and down-facing features; in this case the subregion is generally
considered to be a down-facing subregion since appropriate curing
of down-facing features is generally more critical than curing of
up-facing features. This concept is depicted in the example of

30 FIGURE 16b and 16b'!'. Cross-section "i"* 750 is above cross-
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coul d easily range from 0.331 to—“*635*nnrf&5—%e—25 mls). In the past,

this type of thickness range hds Teeshed: 9l RLAL ut as the art of PpATENT
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and | ess ‘cunmber some nethods of pre qU|red exposure to obtain a

desired skin thickness
section “1 - 1" 755 and is below cross-sectlon "i 4+ 1" 760.

. FIGURE 16b' is a répeat of FIGURE 16b bit with cross-section "i"
750 divided into subregions. The up-facing bounded subregions of
cross-section "i" are labeled as 761, 764 and 768. The down-

5 facing bounded subregions of cross-section "i" are 761, 762, and
| 769. The bounded subregions that are neither up-facing nor down-
facing are 763, 765, and 767. The unbounded regions of cross-
section "i" are subregions 766 and 770. It can be seen that
subregion 761 is both up~facing and down-facing and thus it would
10 generally be processed as a down-facing feature. If a cross-
section "§" is above a completely unbounded cross-section, then
all of cross-section "j" is a down-facing feature (e.g., the
bottom of the part). If a cross-section "j" is below a
completely unbounded cross-section, cross-section "j" is an up-
15 facing feature (e.g. the top of the part).

Other definitions can be obtained as needed from remaining
disclosure and the manuals attached as Appendices B and C to U.S.
Patent Application SN 07/429,435, incorporated herein by
reference. Moreover, the specifications of the SLA hardware, the

320 resin and laser types, and the generally preferred parameters
with respect to the stereolithographic processes described and

improved upon herein are set forth in those Appendices.

Preferred Methods of Obtaining Improved Structural Inteqrity

25 Several preferred embodiments of this invention relate to
methods of obtaining improved structural integrity, lower post
cure distortion, lower overall horizontal distortion, and in many
cases overall lower vertical distortion (e.g. vertical curl) by
effectively providing skin on more than just the up- and down-

30 facing surfaces of the part being formed. For example, the
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hatch) planes, is to create an internal structure consisting
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essentially of relatively long columns of substantially
5 untransformed material trapped by at least partially transformed
crosshatch and boundary material on the sides and skin on the up-~
facing and down-facing surfaces. Accordingly, a leak in any
portion of the down-facing or up-facing skin or cross hatch would
have the potential to cause distortion and unwanted drainage of
10 untransformed building material. However, if skin is provided in
the x-y (horizontal) plane, at more than the up~ and down-~facing
surfaces, then the compartments of untransformed material trapped
by cross-hatch, boundary, and skin would be much smaller and
better-contained. Other advantages emanating from providing
15 additional skinned surfaces within the internal structure of the
part can include improved structural integrity, less distortion
during formation, reduced post-curing times, and reduced post-
cure distortion. Additionally, surface finishing can be
performed before post-curing, and in some circumstances, post
20 ° curing can be completely avoided. There are various preferred
embodiments that employ different approaches in obtaining this
additional fill.
A first group of embodiments utilize exposures analogous to
traditionai skin £illing techniques in that the fill is generated
25 by a series of overlapping exposures. These embodiments may or
may not employ the use of what is traditionally known as cross-
hatch and £ill in the same region of a cross-section.
In a first preferred embodiment an object is formed on a
layer by layer basis ;nitially by the exposure of building

30 material t6 boundary vectors on a cross-section, followed by
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periodic or random (with a certain probability of occurrence)
cross-sections even in non-down-facing and in non-up-facing
regions skin £ill vectors are provided and exposed. For example,
at every 1/2 inch vertical interval through the part, which at 10
mil layers corresponds to every fifty layers, skin vectors are
generated that provide for skinning of the entire cross-section.
These skin vectors are provided in a form in which areas that are
down facing can be distinguished from areas that are not down-
facing so that different cure parameters can be used if
necessary. It is possible to distinguish other regions but it
has been found unnecessary to do so. The advantages of this
approach have been previously described.

Of course other verfical spacing of skin fill is possible
including geometry selective spacing. That is some geometric
features may be better handled by one spacing of skins while
others require a different spacing of skins. In this embodiment
the boundary vectors and crosshatch vectors that are used to
achieve adhesion between layers are generally given some overcure
to insure adequate adhesion. However, the skin vectors that are
used in non-downfacing regions can be given a cure depth that is
less than, equal to, or greater than the layer thickness. It has
generally been found that a skin depth greater than the layer
thickness causes excessive curl and therefore isn't optimal. The
skin vectors (combined with all other vector types) in a down
facing region are, on the other hand given, only a one layer
thickness cure depth. This embodiment can be combined in all, or

in part, with the uniform skin thickness methods to be described
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masks separately, such that distortions due to shrinkage follow ng the

first exposure are at | east partlalIy"coﬂbeﬁsaked_dULLng t he second pATENT
exposure. 25 According to the EP-A-0 Sﬁf k& f %h IS prior artisoyi79.F
"N

accordance with Art. 54 (3), (4) EPC a %gﬁﬂnated countries DE,
FR, GB and NL are concerned) a further ribhi c apparatus for
con- structheEeinafiae- di nensi onal obj ect Iayer-o -Ia er from

a
known, 30 The. dpiis SRR o bt RBoT RS B et intl b ot beerdtd B 2
tank Slicing the desired CAD object file, or the like, twice and then
editing and merging the resulting .sli files together. The first
5 slice is done with normal slicing parameters. For example by
using X and 60/120 crosshatch with a 50 mil spacing and using X
skin £ill with a 3 mil spacing. The.second slice is done without
the use of skin fill but with the use of closely spaced
crosshatch (which will function as skin £ill) of type and spacing

10 equivalent to the skin spacing of the first slice. For example,
continuing with the previous example, the second slice would be
done with the same layer thickness but with only X type
crosshatch spaced at 3 mils. After creation of the second slice
file, it is edited by hand or by a program that can go in and

15 remove the skinning cross-hatch associated with the cross-
sections not using fill in the non-down-facing and non-up-facing
regions. Next the two files are merged together using merging
options that keep all the vectors from the first slice and that
keep only the remaining X layer crosshatch vectors from the

20 second slice (all other vector types are removed including near-
flat down-facing crosshatch). These hatch and fill vectors are
still distinguished by block headers that indicate which merge
object they came from. Therefore the combined file can be built
as a single object.

25 One must be sure to give the proper exposure values to each
vector type. Therefore, the hatch vectors from the second slice
object are given associated exposure values equivalent to skin
£ill. This procedure will produce an object substantially like
that described above. However, there are several differences

30 between this implementation and that desired. First the regions
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8b containing the fluid-like material and.an elevator and the like g,
scanning section for focusing an exposure beamto scan a |iquid swdase.y
of the fluid-like material, and a control section for controlling the
opera- tions of the beam scanning section and the el evator. The beam
scanni ng sect idown-fazting tfeatatkscand hep-efquisigr €ehtanes might rksd gsicamiang

direction

10

15

20

25

30

double exposure (and therefore extra undesired cure depth)
depending on whether the crosshatch from the second slice of the
object is still included in the combined file or not. Second,
since the present Slice program doesn't generally separate non-
down facing hatch from down-facing hatch (except in the near-flat
regions), there will be an additional cure in the down-facing
regions since the crosshatch must be overcured somewhat to insure
adhesion between cross-sections.

FIGURES 14a and 14b depict a side view of an object built

-

according to the technigues of this first embodiment. FIGURE l4a

represents a side view of the CAD designed object. The dotted
regions indicate solid regions. FIGURE 1l4b represents a side

view of the object as built according this first preferred
embodiment wherein ev;ry third layer is skinned to help increase
the structural integrity of the object. The regions labeled with
forward slashes, "/%, indicated regions that are skinned because
they are down-facing. The regions labeled with back slashes,
“\", indicate regions that are skinned because they are up-
facing. The regions that are labeled with X's indicate regions
that are to be skinned according to the teaching of the present
embodiment that would not otherwise be skinned. Layers 1, 4, 7,
and 10 are to be skinned according to this embodiment.

In a second preferred embodiment an object is built by
providing and exposing boundary vectors on each layer, crosshatch
on each layer and skin fill vectors on each portion of each
layer. As with the previous embodiment and the following
embodiments, this second embodiment is not restricted to part
building with the use of vector data. The vector data is simply

used as an implementation of the concepts of the invention and
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relative to the l'iquid surface and a second scanning direction perpen £§%
lar to the first direction. Wth EusmMaihﬂR&i BmpRRMI Ng section,

st ereolithographic apparatus is abllmmf ﬂﬂﬁ? ast er - scanni ng aggl -

scanni ng of the respective |ayers scanni ng node the | ayers

are exposedobiesCRghdds L&E i}@ﬁ@mtatwnacéﬁwwtuéédne étaaﬁsﬂnn@bncepts
scanning direction across the layer such that a plurality of parall

extendi ng e¥gosRe Lhvesti®sudal withhanyest 05 SEclid i¥d cavden 5ﬁae£'¢-1mg 15
proceeds with the scanning direction being a direction defined by vector
data. Accor drngstsetthibometitbditheussddr £ atatesizansiolddisioattiof osn tdeech
cross-section and/or the depth of solidification of each region
5 on each cross-section. This second embodiment is similar to the
first described embodiment except that now skin-fill is supplied
on every region of every cross-section not just with down-facing
features, up-facing features, and with periodic cross-sections.
This second embodiment therefore results in green parts that have
10 little or no substantially untransformed material trapped
internal to their boundaries. There will be no substantially
untransformed material if the effective skin depth thickness is
equal to or greater than the layer thickness. There will be to a
greater or lesser extent some substantially untransformed
15 material if the effective skin cure depth is less than the layer
thickness. As with the previous embodiment, it is desired to get
some net overcure between regions of a cross-section that overlap
with regions of the previous cross-section to insure adequate
adhesion, but it is desired in down-facing regions that the net
20 cure depth be uniform and be of only a one layer thickness cure
depth. It has been found that with embodiments like the present
one, where substantially all material oﬁ each cross-section is
substantially transformed, that vertical curl can and generally
does go up significantly but that horizontal distortion goes down
25 significantly. It is known that the amount of curl (both
horizontal and vertical) can vary tremendously depending on the
amount of overcure hetween layers; the amount of overcure between
adjacent lines on the same cross-section; the extent of the area
over which the overcure takes place; the thickness of the layers;

30 and the order of intercross-sectional solidification as well as
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exposure of the boundary oortlon of the Iayers whereas raster scanning is
used for the exposure of HEPEAEHEMPAFNR ¢ions of the layers. 20 | npytENVE
of the above it is the obj ¢ il ¥ (BpREsent i nvention to provideigo/179.F
i mproved” st er eol i t hogr aphi ¢ ; di§¥ppar at us substantially reduc- ing
the horizontal distortions within the layers of the three-di nensional

obj ects. Thitheobjrder bf $ntvackdns-sestdonali sdbidbfidarimet.hodff parts are

constructing a three-dinensional object in accordance with claim1 and the
correspondi g be built that 8dntain few unsupported critical features, or in

which the unsupported features can be supported by Webs, the
direct application of this embodiment can lead to substantial
5 improvements in part accuracy.

If the part to be built does contain critical regions that
cannot be well supported then modifications to this embodiment
can be helpful in reducing the vertical "curl" type distortion
that may result. These modifications might include the use of

10 the techniques of this embodiment (or "continuous skinning" or
ngkintinuous") on only the regions that are or can be adequately
supported and continuing to use the standard building methods of
boundaries, widely spaced crosshatch, down-facing feature
skinning routines, and up-facing feature skinning routines on the

15 other regions of the part. "Strongarm" building techniques can
be effectively used in these other regions of the part. The
result of this modified approach would be éubstantially increased
horizontal accuracy in the supported regions with no sacrifice in
vertical accuracy in the unsupported regions.

20 Other modifications, to avoid increased vertical distortion
include the use of Smalleys, described in copending U.S. patent
application 183,015; the use of Multipass drawing techniques,
described in copending U.S. Patent Applications 182,823 and
339,246; the use of Rivet type layer to layer adhesion

25 techniques, described in copending U.S. Patent applications
182,823 and 339,246; the use of "strongarm", "log jam", and
"quilting"; as well as other techniques to be described
hereinafter; and similar techniques; and combinations thereof.

As with the previously described first embodiment method of

30 building, this method of building can be substantially
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apparatus in accordance w th edisshest U BedlK, 1&@& embodi ments of thEI $$E
e
0s

are disclosed in the dependent cLﬂ’ﬂHm |hg to a further aspfﬁﬁ/

present invention, a method pr |es appropriate to eaC
section and
implemented by Slicing the desired CAD object file, or the like,

twice and then merging the files together. The first slice is
done with relatively normal slicing parameters, except no skin
f£ill is used. One example is by using X and 60/120 crosshatch

5 with a 50 mil spacing. The second slice is done, again, without
the use of skin f£ill but with the use of closely spaced
crosshatch of type and spacing equivalent to that which is
desired for forming skin f£ill on each layer. For example the
second slice may be done with the same layer thickness but with

10 only X type crosshatch spaced at 3 mil. After creation of the
second slice file, the two files are merged together using
merging options that keep all the vectors from the first slice
{except any skin £fill vectors that were used) and that keep only
the X crosshatch (including near-flat down-facing cross-

15 hatch) from the second slice file (all other vector types are
removed). The hatch from.the first slice and the f£ill vectors
from the second slice (actually hatch vectors from slice 2) are
still distinguished by block headers that indicate which merge
object they are from. Therefore the combined file can be built

20 as a single object being sure to give the proper exposure values
to each vector type. Therefore the hatch vectors from the second
slice object are given associated exposure values equivalent to
skin £ill. This procedure will produce an object substantially
like that described above as the preferred method of this

25 embodiment. However, there is a difference between this
implementation and the desired one described above. Since the
present Slice program doesn't generally separate non-down facing
hatch from down-facing hatch (except in the near-flat regions),
there will probably be an additional cure in the down-facing

30 regions since the crosshatch may need to be somewhat overcured to
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prOV|des cross-sections wth atTmﬁﬁmﬂIMﬂﬂkﬂxﬁ yged of non-paral l el hat chpppnT
vectors wherein effective adheslfﬂ l e of transmtting 190/179.F
significant curl) only occurs at ng points between the vectors
of the two hatch types. Additiona hatch vectors of each type
are spaced éBsnr©s&dhegﬁnnuhetﬂaemossobSesewtiunﬁ: bei ng spaced so cl ose that
they can induce curl into adjacent vectors or have curl induced in them by

adj acent vect or sWitk cehelisrrard anbepirensrnd e tiastnenhedimenty aptwaid

as with embodiments described hereinafter, there are many way to

use the existing commercial software or to modify the outputs
5 from the present commercial software to at least partially
implement the various embodiments. The implementations herein
are only meant to be examples of such techniques.
In a third preferred embodiment each cross-section is
supplied with boundaries and skin £ill vectors only {this

10 embodiment does not utilize crosshatc&. In this third embodiment
the boundaries may be curéd to an effective depth equal to the
layer thickness or greater than the layer thickness depending on
whether they are to be used to obtain adhesion with the previous
cross-section or whether they are to be used to form a down-

15 facing feature. As with the previous embodiment the skin vectors
in non-down-facing regions may be cured to a depth less than,
equal to, or greater than the layer thickness. It has been found
that if skin vectors are cured to an effective depth greater than
the layer thickness, by usual curing techniques, vertical curl

20 will be greater. Therefore, if it is desired to cure the skin
vectors to such a depth it is advisable to.utilize a drawing
method that will help to reduce curl, such as multipass.
Multipass is a method of solidifying material in at least a two
step process, wherein a first exposure of material to the

25 synergistic stimulation leads to a depth of cure less than the
layer thickness and the second pass (or higher order pass)
results in a net cure depth that insures adhesion. Multipass is
an effective way of reducing curl. An additional enhancement of
multipass scanning is described in copending patent application

30 429,911 regarding the use of multiple wavelengths during the
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10 ‘conprises the steps™of providing boundaries appropriate to each
cross-section and providi ngmmmammu.m&:e&th at least two types opaTenNT
non-paral l el hatch vectors thg WildM from their correspondi 0goJYyPesy
on the ptevious |ayer wherei diihesi on between cross-sections
(that capable of transmtting signiticant curl) only occurs near the
over | appi ngmgqtmggamm@qlﬂd&&g/.ecmorshoei: péeet wat iat depthpespobutrbeis
present |ayer. Additional the hatch vectors of each type are spaced as

cl ose toget Gareasoposse bf ret tdreutorbeiong ppases! tso inisswe that shbgtanhial

transformation of building material occurs prior to one or more
additional exposures using long penetration depths that are used
5 to obtain and insure ﬁdequate adhesion between cross-sections.

An additional problem that might occur with this third
embodiment is that of excessive horizontal curl. In the previous
embodiments horizontal curl was kept to a minimum by the exposing
of cross-hatch prior to the exposing of skin, wherein the cross-

10 hatch would act as a stabilizing frame upon which skin could be
formed. Since this third embodiment doesn't contain cross-hatch
it may be necessary to utilize a horizontal curl reduction
technique also.
Such techniques include the use of nonconsecutive vector
15 drawing, the use of non-overlapping fill vectors (e.g. "weave"
which is the topic of embodiments to be described later), and the
filling of non-consecutively drawn vectors by intermediate
vectors (in many respects this is a horizontal version of the
multipass technique described above). The non~-consecutive
20 ordering of vectors refers to a technique of supplying £ill or
hatch vectors with a particular spacing and then exposing the
vectors in a nonconsecutive.manner. In traditional
stereolithography fill vectors are cured in a consecutive order.
An example illustrating the differences between consecutive
25 ordering and non-consecutive ordering is depicted in_g;ggg? 7.
FIGURE 7a illustrates a cross-section of boundary 200 and
containing unidirectional £ill vectors 201 to 205. In c
traditional stereoclithography the order of drawing is from vector d{’
201 to vector 209. The direction of scanning each of these

30 vectors has generally been such that the amount of jumping
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e

i nduce curl into or have curl. |nduced |nH”@EQhQ,m§§Jacent vectors 20 or
transmt curl fromone vector to cgoprding to anot heparpnt
aspect,_of the invention, each reglo E ctlon that is iRg8yRRAY,#O
the Object (i.e. not fornlng a down- fFacing region), Is cur ed
in the formof point exposures, "bullets". The point exposures on
successi ve |sreen?vectons eiofhiieimices.f r Ameandd heunbarall tveetoulsl Bhgear e

cured to approxinmately a depth of one | ayer thickness. The spacing of the
poi nt exposwererally beagl érawayefrom daefd dloogdéghbgmdetheaevien numbered

vectors have been drawn from right to left. Therefore the entire
£ill can be drawn with minimal jumping between the head of one
5 vector and the tail of the next.

FIGURE 7b illustrates a similar cfoss—section but wherein an
exanmple of nonconsecutive drawing order is used to minimize any
horizontal curl that might have a tendency to occur. The cross-~
section is surrounded by boundary 220 and it is filled with

10 vectors 221 to 229, The drawing order is from 221 to 229,
therefore every other vector is skipped on a first pass of
drawing and then the vectors skipped on the first pass are
scanned on a second pass. This technique is especially useful
for minimizing curl when two consecutively scanned vectors are

15 separated by a distance so that the material cured by each vector
individually doesn't connect to the material cured by the
consecutively scanned vectors. Then on a second pass {or later
pass) the gaps between the material exposed by the first pass are
filled in by the additional pass which scans vectors intermediate

20 to those of the first pass. If the width of cure of each vector
is relatively wide compared to spacing between vectors it may be
necessary to skip more than just every other vector. For example
it may be necessary on a first pass to cure one vector and skip
three vectors then cure another vector and skip the next three

25  vectors, and so forth. On the second pass one may then cure the
intermediate vector of each set of 3 vectors not drawn on the
first pass, and then finally on a third pass the remaining
unexposed vectors are scanned. This is illustrated in FIGURE 7c.
The boundary 240 is filled with vectors 241 to 249 wherein the

30 scanning order is 241 to 249.
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reasonabl e w t hout the mat eri-al—eured—tn—associ ati on with each bul | et
affecting the material cured |n ass0Gi atd ﬁk&ﬂt|1 adj acent 30 bul | et s.
In this approachthe upf CI ﬁm

ng features 9 may be frarmEmd
by a varlety of technlques| an@ther aspect of theso/179.F
i nvention, each |

If the skin vectors will only‘be given an effective cure
depth less than or equal to the layer thickness it will likely be
necessary to supply additional exposure in the form of point
rivets, or the like, on the portion of the present cross-section

5 that overlaps the previous cross-section. The proper use of
rivets will lead to adequate adhesion between layers but will
also tend to keep vertical curl to a minimum. As with the deeper
cure depth methods this approach may also require the use of
horizontal curl reduction techniques.

10 As with the previously described methods of building, this
method of building can be substantially implemented by a user by
Slicing the desired CAD object file, or the like, a single time.
The part is sliced with cross-hatch but without skin vectors.

The crosshatch vectors are spaced with a separation typical for

15 skin fill. One or more crosshatch types may be simultaneously
used. For example, one can use both X and Y hatch with a spacing
of four mils each. If the maximum cure width of cure for a
single pass along one vector is equal to or greater than the
spacing between vectors (e.g. 12 mil MCW) and one doesn't want

20 consecutively cured vectors to effect one another then a drawing
pattern similar to that described for FIGURE 7c can be used for
each type of crosshatch. This procedure will produce an object
substantially like that which would be produced by the preferred
methods of the third embodiment. However, there is a difference

25 between this implementation and the desired one described above.
Since the present Slice program doesn't generally separate non-
down facing hatch and boundaries from down-facing hatch (except
in the near-flat regions) and boundaries, there will probably be
an additional cure in the down-facing regions since the

30 crosshatch may be somewhat overcured to insure adhesion between
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region'of a cross-section that is_internal to the object (i.e. not formng
a down-facing or up-facing regipn), is cured in the 5 form of point

exposures,
substantially equal to two |ayer tHi ﬂ ;
successive layers are offset one fr

"bul l ets", wherein the h'fgﬂ@d to a depth PATENT

wherein bul | et s*¥¥/179-F
e positioning pattern is

repeat ed evepy<@ibgiridyer., and the spacing of the bullets on each
cross-section is sué% that their 10 cured separation is greater than zero
but | ess than thgifogrkie eMptidinmene haysimild:kiehebehawdt et &PHEFibed
surface. The bullets

10

15

20

25

30

but it doesn't use boundary vectors eithgr. Therefore, this
embodiment supplies and exposes only fill type vectors. Since
there are no boundaries associated with each cross-section in
this embodiment, and therefore nothing other than surface tension
and viscosity to hold the vectors in place as they are drawn
except where there is horizontal contact to adjacent vectors and
vertical contact with the previous cross-section, the vectors of
this embodiment must be drawn in a highly ordered manner. The .
vectors must be drawn in an order and/or to a depth that assures
adequate structural support to insure that each vector stays in
place until the entire cross-section is drawn. If the vectors
are drawn in an improper order then it is possible that some of
them will drift out of position or be distorted out of position
prior to the completion af the exposure and solidification of the
cross—-section. Since vertical curl generally occurs between
material cured on the presently drawn cross-section and material
cured on the previously drawn cross-section, vectors in this
region can be drawn in a nonconsecutive order and can also be
cured using two pass multipass to insure minimal curl.
Subsequently, the vectors that occur in down-facing regions can
be cured in a non-consecutive interlaced manner with vectors from
the other hatch types. For example, one or more nonconsecutive X
type vectors can be scanned followed by the scanning of one or
more Y type vectors and then repeating the exposure of other X
type and Y type vectors until all the vectors have been scanned.
In this region the direction of scanning can be just as important
as the order of scanning. To insure the most appropriate

positioning of vectors they may need to be scanned from the
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cured on the present |ayer substmphead HayBéenREpliced t he gaps left in the
previ ous cross-section when it wa hi s approach the up-f@gigea
and down-facing features may be fE ety 15 of techiyepes.r

Accordi ng to anot her aspect of th n, each region of a
cross-section that is interpal to the object and 'exists on the present
cross- sect | seppartes [regiamd&dwardsuthe cdisipramded regéoheons, is cured in

the formof point exposures, "bullets". 20 = Each cross-section is divided
into a pattern dth8y gmiodiments, described hereinnext, create at least a

substantial amount of £ill on a cross-section in a manner more
analogous to standard approach crosshatch vectors. That is by
5 supplying and exposing vectors which are spaced such that they do
not effect each other during their exposure. They are spaced at
or slightly above the expected maximum cure width of the
individually exposed vectors. Thereby, after exposure of all
vectors a substantially transformed cross~section results with °
10 only minimal untransformed material between the vectors. The
various embodiments of this approéch are broadly known by the
namne "Weave™.
The name "Weave" particularly applies to the first preferred
embodiment of this concept (the fifth embodiment of this
15 application). This embodiment is the presently most preferred
embodiment of the variocus Skintinuous building techniques. This
embodiment consists of supplying and exposing boundary vectors,
next supplying and exposing at least two types of non-parallel
cross-hatch, wherein the exposure of the first cross-hatch type
20 is insufficient to produce a cure depth that results in enough
adhesion to induce vertical curl to the previous cross-section
and wherein the exposure of the second cross-hatch type is
equivalent to the first type, thereby resulting in sufficient
exposure in the overlapping regions to cause adhesion between
25 cross-sections. The spacing of the crosshatch vectors is such
that they are spaced slightly further apart than the maximum cure
width 'of the individual vectors when given the appropriate
exposure to result in the desired cure depth.
As with the previously described methods of building, this

30 method of building can be substantially implemented by using SLA
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overl appi ng bullets. These bullqmgsakﬂkdBmm@eﬂmﬁ% into N groups where the

bul l ets associated with successi vemwm m ed to expose nateri Pprefy
assqQci.ation with the successive cr fiegi nning with theqsyayent
cross-section. Each bullet is cure 0 a depth substantially equal to
N | ayer thicknesses. In this approach, regions of cross-sections within

N-2 | ayers sdftaradewto sddicegtheadesired CAMoiiedtbfibedi 91 &the ddke.ques

simlar to those described above, and the up-facing and down-facing
f eat ures megingde dvimed bifhe Fartetﬁ kiqeskt Withueross~hatch but without

skin vectors. The crosshatch vectors are spaced with a
separation slightly greater (e.g. 10%) than the expected maximum

5 cure width. The presently preferred system for building parts
using this embodiment is the SLA-250 manufactured by 3D Systens,
Inc. of Valencia California. The presently preferred building
material is XB 5081 stereolithographic resin (liquid
photopolymer) manufactured by Ciba-Geigy. The presently

10 preferred system utilizes a HeCd laser operating at 325 nm which
typically results in a width of cure of approximately 10-11 mils
or less for a cure depth of 8-9 mils. Therefore, the crosshatch
vectors are spaced at approximately 12 mils. The presently
preferred £fill vectors are combined X and Y crosshatch. The

15 presently preferred éiA software is version 3.60. When using the
presently preferred software, an object is built by exposing
boundary and hatch vectors. As stated earlier, adhesion between
cross-sections is obtained at the intersection points between the
two hatch types. The cure depth of these intersection points is

20 approximately 12 mils when parts are built with 10 mil layers.
This method of building results in substantially less horizontal
distortion and equivalent or less vertical distortion than when
equivalent parts are built with standard techniques. Measured
post cure distortion is substantially less than for parts

25 building using conventional methods.

The formation of a cross-section by this fifth embodiment is
depicted in FIGURE 8a to 8i. ﬁzgggg_a represents a sguare cCross-
section which is to be cured to a uniform depth. FIGURE 8a
depicts a top view of the material cured by scanning of the

30 boundary vectors. FIGURE 8b depicts a sectional view of the
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30 . According to yet another aspect of the invention, at |east 10
11 up- and down- facing features: aﬁbs?ﬁ\vm}hmwmwdskl n fill that

IS
created by' scanning in a first p 554 unmmmmgcent fill vect oP%'_I,'EN'!{"

foll owed by scanning in at |east on

material cured in FIGURE 8a along line b. The cure depth of the

°  boundary vectors is the layer thickness plus some overcure amount
(e.g. 10 mil layer thickness + 6 mil overcure). FIGURE 8c
depicts a top view of the material cured in response to the

5 scanning of the X cross-hatch on a dashed background of material

cured in response to boundary vectors. FIGURE 8d depicts a
section view of the material cured in FIGURE 8c along line d-d.
The cure depth of the X crosshatch is less than one layer
thickness (e.g. 8 mil cure depth for a 10 mil layer thickness).

10 The exposed regions are relatively wide compared to the unexposed
regions. That is, the spacing between hatch vectors was only
slightly more than the maximum cure width of the hatch vectors
(e.g. 12 mil spacing of hatch vectors and an 11 mil maximum cure
width).

15 FIGURES 8e and 8f show similar cured material for Y
crosshatch vectors. FIGURE 8g depicts a top view of the
superposition of material cured as depicted in FIGURES 8a, 8c,
and 8e. The small square zones in the FIGURE repfesent uncured
material. The size of these squares is about 1 mil on edge or

20 less whereas the solidified material between them is about 11
mils on edge. FIGURE 8h represents a side view of the cured
shape of material along the line h-h of FIGURE 8g. Line h-h is
directly above the maximum cure from an X hatéh vector. FIGURE
81 represents a side view of the cured shape of material along

25 line i-i of FIGURE 8g. The cure depth of the regions where the X
and Y hatch vectors overlap has increased to something greater
than the layer thickness. Line i-i is located between the cure
of two adjacent X hatch vectors. Most of the area of the cross-
section is more like FIGURE 8h than FIGURE 8i. The exposure in

30 FIGURE 8h isn't uniform but the nonuniformity is less than that
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t hat cénpletes t he exposi ng process by—fillng—+n-between the 5

originally drawn vectors. |In another aspect, of the n e%tion, regi ons of
i ntersectjng vectors at |east in down-f e det er m ned, pryEkT
exposure of one or nore of the respective _ vectors at 19®s6x9.F

intersecting regions is reduced, such tha e 10 down- f aci ng
features have a uniform exposure. In another aspect of the invention, a
regi on that Boafured inctheitradidiosnlhapproashl %4 |skinadngrs surfaeetduringd

cured to a

part building. The main reason for this reduction is that there
isn't a'superposition of discrete hatch vectors with a six mil
over cure each which results in up to an 11 mil overcure, or

5 more, at their intersection points combined with skin vectors
that form a uniform layer thickness cure depth. Instead there is
simply a double exposure of closely spaced hatch that produces a
substantially uniform cure depth with points of approximately 5
mil overcure superimposed on it.

10 A variation of this fifth embodiment is to use weave in all
non-down-facing regions and to use other more traditional
approaches to skinning (including the uniform skinning methods
described below) on the down facing features and to give these
down-facing features a layer thickness cure depth.

15 A sixth embodiment of the present invention is similar to
the fifth embodiment just described except in the sixth
embodiment the crosshatch (or fill vectors) are offset or
'staggered" from layer to layer. One implementation of this
method is to offset the vectors on adjacent layers by 1/2 the

20 hatch spacing. Therefore, the hatch vectors on every other layer
overlay the same hatch paths. Other forms of layer to layer
offset are possible wherein the overlaying of hatch paths (hatch
paths are lines on a given cross-section that have the potential
of being crosshatched) is repeated at some other period than on

25 every other layer. For example hatch paths may not overlay each
other for 3 or more layers.

Offset or "staggered" crosshatch may be utilized with
standard building techniques as well as with the various
embodiments of the present invention. The advantages of using

30 offset crosshatch with standard building techniques (that is
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uni form depth. The creation of this region conprises the steps of creating
t he desired hatch vectors, and then creating 15 corr,'ponding skin fil
types. that do not contribute to additio Sheet Has B¢ "he regions GATEWERI r
correspohdi ng hatch vectors. In another IHERE i nvention, 180/179.F

I nproved stereolithographic nmethod conpri ng necessary 20

exposure and vector spacing and_scannin% paraneters in order- to obtain a
known t hi chridedyotpsked hat¢h) involve the production of smoother vertical

surfaces of an object, more uniform volumetric properties, and
possibly less curl between layers since adhesion between layers
is due to points instead of lines.

5 In building parts for investment casting, that hollow parts
lead to less structural strain on the casting molds as the
building material is burned away. Hollow parts can be built with
crosshatch but without skins, thereby tending to allow
untransformed material between the cross-hatches to drain from

10 the object. Solid parts tend to expand and crack investment
casting molds, whereas hollow parts have less of a tendency to do
so. However, building hollow parts can be a problem even when
skin fill isn't used if the hatch vectors on successive cross-
sections lie on top of each other. Untransformed building

15 material can be trapped between the cross-hatch and the
boundaries which trapped‘material can later become solidified,
thereby losing the desired hollow part characteristics of the
object. However, if the centering-to-centering distance between
crosshatch vectors is greater than épproximately twice the cure

20 maximum width, then offsetting the vectors by 1/2 the spacing on
every other layer will result in a part where substantially all
of the internally untransformed material can flow through various
gaps and thus can be removed prior to using the part to make an
investment casting mold. This advantage of offset crosshatch is

25 illustrated in FIGURES 9a and 9b.

FIGHRES_9a and 9b illustrate the sixth embodiment and depict
side views of an object whose boundary vectors are offset from
one another but are not offset sufficiently to allow drainage of
untransformed material between them (these are nonvertical but

30 steep boundaries as opposed to flat or near-flat boundaries).
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In still another aspect of the igveptign, a stegfblithographic met hod

conprises the steps of constructi™i ’ 6fs to form an obj ectpaATErMg
and skinned up- ¥0y179.F
. conprises the steps of:

externnal boundaries, 25 intern

down-facing features. Specifical

(a) selectiq? I%%ers to be provided with skirnned surfaces; (b) providing

nmeans for cBIGYREtIhFaRictendurarss Prsth wiipRMerd avdggi FEassrbh AN skin

curing of a presel ected depth _at the |ayers. sel ect.e o_have 30 .. skinned

U fages: (EBOERERAGINRGNAERN O BPEARTEPRTTEh PAtRE IAdnbErPped vitnin TE.
FIGURE 9b depicts the part built with offset crosshatch therefore

allowing pathways for removal of internal untransformed material.
5 Assuning the top of each partial object reconverges so that
building material cannot be removed from the top, as shown in
FIGURE %a, only pockets 306 and 308 can drain whereas 302, 304,
310, and 312 cannct drain. In FIGURE 9b, the entire internal
area of the part forms one interconnected pocket from which
10 substantially all untransformed material can drain. If using a
photopolymer, drainage can be enhanced by utilizing elevated
temperatures to reduce resin viscosity. Since a primary
principle of the present invention is to solidify as much
internal material as possible this sixth embodiment of offset
15 crosshatch diverges from the skintinuous building techniques.
But it is a useful building method in its own right. 1Its ability
to reduce post cure distortion is discussed in Example 6.
Other embodiments of the nonoverlapping approach to building
can be developed from appropriate combinations with techniques
20 discussed in conjunction with overlapping exposure techniques as
well as with the additional embodiments of the present invention
to be described hereinafter,
Besides the two main approaches described previously, that
is overlapping fill or non-overlapping fill on at least a portion
25 of the cross-sections, there is an additional class of
embodiments that is used to increase structural integrity. This
next class of skintinuous embodiments is based on the curing of
discrete points of material called "Bullets" instead of the
curing of overlapping or non-~overlapping lines of material. The

30 bullets are cured in association with a single cross-section as a
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of vectors that will be exposi ng each ﬁggﬁg i t e Iayers and (d)
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enbodiments of this approach comprise methods of solidifying
primarily internal regions of objects whereas the down-facing and
up-facing regions of the object may be cured by the other
approaches described herein.

The seventh embodiment of Skintinuous (the first embodiment
of this class) involves curing the internal portions of desired
cross-sections by exposing material within the boundaries of the
cross-sections as a series of discrete points. The points that
are exposed on a given cross-section are spaced from each other
by a distance slightly greater than the maximum diameter of the
cured material formed upon exposure of the material to
synergistic stimulation. 1In other words, on a single internal
cross-section a substantial portion of the material is cured in
the form of point exﬁosures.with a small gap separating each
point exposure from its neighbors. This separation stops the
transmission of stress and therefore diminishes curl. Each point
is cured to a depth egqual to or slightly greater than the layer
thickness to insure adhesion between cross-sections. On the next
cross-section the pattern of exposure is "staggered" or shifted
so that the point exposures on this next cross-section are
centered above the gaps between the points on the previous cross-
section. This shifting pattern of bullet exposures is continued
on alternating cross-sections until the desired region of the
part is complete. This allows substantial structural integrity
to be developed between cross-sections while decreasing the
amount of curl when building with a given layer thickness.

Two consecutive overlapping sample cross-sections are shown
in FIGURES 10a and 10b. These sample cross-sections depict a

cross-section boundary 400 enclosing a series of point exposures.
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of other vectors that will intersect the vector at a gi ven region as
determned in step (c). According to other aspects of the invention, phhgse
10 , ..inprovenents are used in conbination with one another and/ orgbR179.¥
conbination with curl reduction techniques as described in: U S. Patent
Application Serial No. 07/339,246; U S. Patent Application Serial No.
07/ 183, 015; FUGBREPavantepppts cpd irdn e3poisalrekio4007148% 8D bn angatité cal her
dpplications cited previously all of 15 Which are fullgli ncor por at ed
herei n by r afrademdbale E@GU@&ah@»Egeplcts point exposures offset (staggered)
from those in FIGURE 10a. A comparison of the two FIGURES
indicates that the bullets on one cross-section are centered in
5 the middle of the space between bullets on the previous cross-
section. FIGURE 10c depicts substantially a side view of the
combined FIGURES 1C0a and 10b along line c~c. This FIGURE, at
least in a 2 dimensional view, illustrates how the bullets are
staggered from layer to layer. The illustrations of FIGURE 10a
10 and 10b depict a particular arrangement of points on a given
cross-section but other arrangements are possible. For example
to get a tighter fit of bullets (higher ratio of transformed to
untransformed material on a given cross-section) one could locate
the points in a hexagonal pattern. This hexagonal pattern when
15 combined with higher cross-sections could form a hexagonal close-
pack structure. Therefore each bullet would have 6 nearest
neighbors on the cross-section as opposed to only 4 as shown in
FIGURES 10a and 10b.
This method of building with bullets can only be partially
20 implemented from present 3D Systems software. This
implementation is only partially satisfactory. Proper
utilization of this embodiment requires modified software.
The implementation from the present software is done by
slicing the object with a single type of crosshatch vectors (e.qg.
25 X vectors) with a spacing slightly larger than the diameter of
the bullets of material that will be formed. The object is
sliced a second time with the part offset by 1/2 the spacing
along the direction perpendicular to the chosen crosshatch

direction (e.g. the Y-axis). The two objects are merged together

30 using options that shift the second file by -1/2 the crosshatch
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stereolithographic nmethod is disclosed conbi ned use oFARBNEh
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features. As anot her exanple, an inprove ol i t hogr aphi ¢ net hod
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aspects of the invention, together with objects an
options used remove all the vectors from the second slice file
except for the cross-hatch vectors. Then the resulting file is
5 edited to remove the hatch vectors from alternating slice files
on alternating layers.

When vectors are cured using the present software they are
not cured by a continucusly sweeping beam but by a beam that
jumps a small distance (e.g. integer multiples of 0.3 mils) known

10 as the stepsize or SS, and then it waits at each allowed SS
position a period of time known as the step period or SP (e.q.
integer multiples of 10 microseconds). The particular
positioning for both timing and jumping is based on the beginning
point of each vector that is drawn. When the object is built,

15 the SS value used is equivalent to the spacing between vectors
(e.g. 12 mils or approximately an SS value of 40). Since the two
files were.offset when they were sliced along the direction
perpendicular to the hatch direction and then shifted back
together during merge, the Y-value associated with each bullet

20" will be offset by 1/2 the crosshatch spacing on alternating
layers. Since the files were merged then offset from each other
by 1/2 the cross-hatch spacing along the direction of the
crosshatch the X-value associated with each component will be
offset by 1/2 the crosshatch spacing between alternating layers.

25 This method of implementation is useable but not always
satisfactory since in some of the extreme values, the X-component
of each vector fall slightly (1/2 the crosshatch spacing) outside
the boundary of the cross-section. Other software based methods
of implementation using the present software are based on slicing

30 the part twice as described above but here each part is sliced
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with a layer thickness twice as large as desired and one of the

parts is shifted by 1/2 the layer thickness prior to slicing and
then shifted back during merging.

A useful tool for implementing this embodiment from the

5 present software without a major change would be to include a
parameter that would allow crosshatch vectors to be reduced in
length at each end by a specified amount. This would allow
shifting along the direction perpendicular to the hatching
direction, along with the reduction of the vectors created by the

10 second slice by 1/2 the crosshatch spacing, followed by the
reregistration of the files during merging. Also of use would be
an editing program that could read through the merged file and
remove selected vector types from appropriate cross-sections.

If one is building an object with an orientation that is

15 substantially more susceptible to curl than the perpendicular
orientation, this embodiment may be modified to that of an
embodiment of offset unidirectional crosshatch. Here the
direction of offsetting would be the direction most susceptible
to curl and the direction of the vectors would be the less

20 susceptible direction.

The eighth embodiment of the present invention is similar to
the seventh embodiment but the bullet's are cured so as to
solidify material in association with the previous cross-section
as well as the present cross~section. Therefore the cure depth

25 of each bullet is typically equal to or somewhat larger than two
layer thicknesses. Accordingly, in this embodiment, it is
important, when working with a particular cross-section, to know
not only the internal regions of the present cross-section but to
also know the internal overlapping regions of the previous cross-

30 section. The spacing of the bullets is somewhere between what it
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shomﬁhg boundari es, hatch and skin w thout conpehgation for 5 mul tiple
exposures of building nmateri al atThhﬁmﬂﬁmﬂﬂmﬁﬂuuﬁons of the cross- segtgnan.

FI GQURES | a-1d represent respectlveé E :4‘E es only; b) cross4mtiA ., F

only, c) skin only; and d) conbine BURES 2a-2d col l ectively
show a side view of FI GQURE 1d as | ntersected by various vertical
pl anes.  FI¥RED %P%(?Wﬂ%eﬁf“b°9é§5m§t?%lt5m é}apéﬁéﬁt offtie Ay etdatith

vertical bl angs;,f, 32l HATo598Re Lrddid 218621200, ) anepyl, show ng

adhesion between layers is gained substantially by adhesion
between the sides of the bullets on the present cross-section at

5 a position one layer thickness below their upper surface and the
sides of the bullets on the previous cross-section at their upper
surface. A side view of the bullet positions on adjoining layers
is depicted in E}GURE 11, It is noted that the present
embodiment is primariiy for regions of the object two or more

10 layers from down facing features.

In still other embodiments, transformation of material that
is located on one cross-section may occur from exposures given in
association cross-sections two or more layers higher up.

As discussed above, several new skinning techniques can

15 advantageously be used in connection with this invention, based
on non-consecutive ordering of skin vectors. Traditionally, skin
vectors are ordered head~to-tail, such that a first vector pass
is made along a £ill path from one boundary to an opposing
boundary, and a pass along the next vector is then made, slightly

20 offset (e.g., typically from 1 to 4 mils from the first), from
the latter boundary back to the first. However, it has been
found, in accordance with some of the preferred embodiments of
this invention, that distortion can be reduced by appropriate,
non-consecutive scanning and therefore nonconsecutive formation

25 order of skin fill . Specifically, the offset between vectors
can be advantageously increased (e.g., doubled or tripled, or
more), such that the successive skin vectors have less impact, or
do not impact, upon adjacent lines of cured building material |
for a given series of passes across the surface of the region of

30 the part being formed. Additionally, in one or more successive
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depthé obtained in different regioens:-¢c)—a-view of the edge of the |ayer

al ong plane 2 shgwi ng the various ths gbtained in 15 di fferent
regiqns;, and d) a view of the edge ofj s ehg pl ane 3 show rRATENT
various depths obtained in different | “ RES 3a- 3e col | &A% F
illustrate a top view of a |layer sho s, hatch and skin as

created by a presently preferreq techfi ue. FILGURES 3a-3e _represent 20
respect i vel 2188 o PR$SeSes AGALY 10D cFRATE YRERTSNCEN Bf <X3W1 (RAfveen g)

skin type Zéhggg éﬂaéuggg %%%nvgggggsin the earlier series of passes. These
embodiments preferably have crosshatch vectors on each layer as
well as skin vectors.

5 Yet another embodiment according to which distortion can be
minimized involves skinning in different directions for different
layers. For example, in a part having x- and y~ hatch on each
layer, odd layers can be skinned in the x-direction and even
layers in the y-direction, or vice versa.

10 In still another embodiment, skin fill can be provided in
béth x- and y- directions on a given layer having x- and y-cross-
hatch.

According to a most preferred embodiment, however, x, 60°
and 120° cross-hatch is provided with skin £ill in at least one

15 of the %, 60°, or 126‘ directions, and preferably, in each of the
directions. In a preferred variation of this embodiment,
discussed in more detail below, the skin vectors of a given
direction are not traced directly over the hatch vectors of the
same direction{ thereby avoiding excess exposure to any given

20 location. Moreover, since exposure is provided in three
directions over any given point in a skinned layer, the vector
scanning speed can be increased by a factor of three to yield
one-third of a normal exposure per vector, resulting in a uniform
exposure after all three directional passes are made.

25 Another embodiment is that of ®tiling”. 1In this embodiment
one of the previously mentioned approachés is utilized in
exposing individual "tile-like" regions wherein small spacings of
material between the individual tiles are left untransformed to
act as stress relief zones. The size of the individual tiles can

30 range from that of a point exposure to that of an entire cross-
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FI GURES 4a- 4d col | ectively show a side view of FIGURE 3e as intersected by
three different vertical planes. SstBahﬂwmmwaesent respectiveb¥rp
repgat of +FI GURE 3e with 25 vertl (”,mmm ) a view of theigdgesdls

the |ayef along plane 1 showi ng the obtained in different
regions; c) a view of the edge of the layer along plane 2 show ng the

vari ous depmhstdbmaiwéﬁhihhdimés#egneﬁagyhdnssiaadrdbgeihéuxeaw l/aeoédgn of
the layer along plane 3 showi ng the various depths obtained in 30

di fferent rdgichnon edge to 3/4 of an inch on edge.

Tiling is a method of forming a layer of an object produced
by stereolithography, wherein the layer is divided into a series
5 of area elements or tiles. Each area element is isolated from
adjacent area elements by spacings. The spacings around each
area element remain untransformed, at least until all neighboring
area elements or tiles are tfansfcrmed or solidified. The
spacings between the individual tiles are left untransformed to
10 act as stress relief zones. The width of the spacing is
typically small compared to.the width of the individual tiles.

Tiling can also be used as another technique of curl
reduction when implemented on a second or higher layer above a
down-facing feature. Generally no curl is generated on a down-

15 facing feature so there is no need for tiling as a curl reduction
technique on a down-facing feature. It should alsc be noted that
tiling does not generally apply to down-facing features because
there is no underlying structure to attach individual tiles to
during the transformation process, i.e., tiling may be applied

20 only to a supported area as opposed to an unsupported area.

Since the tiles are individual and discreet relatively small
areas, the use of tiles limits shrinkage to the boundary of the
tile. This reduces stress and curl on the tiled layer, an
especially important consideration in the first few layers

25 immediately above a down-facing feature. Curl generally occurs
mainly in down-facing features. These features curl upwardly as
a result of the formation of the next sevéral overlying layers.
Oon the other hand, a potential disadvantage of tiling is that it
possibly provides less strength.

30 The spacings in between the tiles can be transformed or
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13 FI GQURES 5a and 5b i | lustratethe profites of a cured "string,”
corresponding to the cure pr ehd Y pan RidiEAle vector. FI GURES 6a- 6d show
dowp-facing surface profiles o - p@\gn accordance with ExanpF@TENT
bel ow. 5° FI GURES 7a- 7c mq“m | son between traditi &/ NaeFor

solidified (referred to as grouting or mortar) usually after all

of the tiles have been formed. An entire object can be made by

tiling to reduce post treating. This grouting is usually

transformed to a lesser degree than the tiles (a lower exposure
5 is used).

By way of example, when using a presently preferred material
such as XB5081 and 5 mil layers, tiling may be used in forming
the first through twentieth layers above a first layer of a down-
facing feature and especially to form layers through 10 {assuming

10 the first layer is supported). If 10 mil layers are used, tiling
would preferably be applied in the range of the l1lst through 10th
layer and especially in the 1st through 5th layer above a down-
facing feature.

Preferably, the tile sizes range from the width of a laser

15 beam (about 0.010 inches, 1/4 mm) up to about 0.120-0.150 inch,
with the most preferred range being from 3/4-2 millimeters on
edge.

The spacings or gaps in between the tiles should be as small
as possible, within the limits of accuracy of placement and cure

20 width of a beam of synergistic stimulation. The typical width of
these gaps is in the range of 1-10 mils after exposure and cure.
It is important that the material in the spacings or gaps not be
transformed or solidified sufficiently to transmit stress.

Where a scanning mirror-directed laser beam is used to

25 transform the material, the "jumping" speed from tile to tile
across the spacings must be considered. The mirror(s) directing
the laser has a moment of inertia which limits its rate of
angular acceleration. If the laser is to jump from the edge of
one tile to the adjacent edge of another tile, the jumping speed

30 is limited since there is only a very small distance in which the
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depi cts a-top 1! 1 W s- section of an obj ect showi ng a consecitive

drawi ng order for the vectors. 10 FI GURE 7b depicts the sanme
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cross-section in two passes. FIGURE 7c depicts the sane cross-section but
filled usi propexdy- diresécthe viaseamtichdhef etife ¢ficthr osets @ecljiacenitn t hr ee

passes. FIGURES 8a-8i collectively illustrate the vectors used and
tile. Since the jumping speed is limited, the material in the

gap may be inadvertently partially cured by the jumping laser,
5 In tiling methods wherein the laser is frequently jumping back
and forth between tiles, this can become especially problematic.
Inadvertent curing of the material in the gaps during tile
jumping between tiles can be overcome in several ways. The
mirrors can be made to accelerate faster, although a practical
10 upper limit is quickly reached. Alternatively, a shutter can be
provided to both the laser beam before reaching the scanning
mirror. However, mechanical shutters also suffer from inertial
lag and are considered too slow to be effective. Electrically
driven crystal acousto-optic shutters can be considered. A third
15 technique, i.e., the "long jump" technique is the most
preferable. In the long jump technique, the laser is jumped from
a far edge of a tile'accelerating over the tile (the launch tile)
then crossing the gap at maximum velocity to a distant point on
the adjacent tile (the landing tile) decelerating and beginning
20 to transform the area of the tile near its far edge. By making
the long jump, the laser has a sufficient distance in which to
accelerate such that it passes over the gap at a high speed and
decelerates to the landing point distant from the gap.
Tiles can be formed in various patterns and shapes. One
25 basic way is to form square or rectangular tiles in a straight
grid pattern, i.e., with the gaps or grout lines extending
continuously in the two directions of the layer (x and y
directions). However, with this grid pattern, the grout lines
themselves are relatively long lengths of material which when

30 cured are subject to curling. Moreover, the tiles forming the
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weakness.

5 An improved tile pattern is an offset or staggered grid

wherein the tiles are staggered in alternate rows, like bricks in
a horizontal wall. With the tiles in this staggered grid
pattern, the grout lines extend continuously only in one axis,
rather than in two axes as with the straight grid pattern

10 described above. In addition, in the staggered grid pattern, the
grout lines meet only at "three-way" intersections rather than
four-way intersections as in the straight grid pattern.
Consequently, the grout lines can shrink from only one direction
as the tiles block off shrinkage from one side. The staggered

15 grid pattern has only one "weak axis" i.e., along the
uninterrupted grout lines, whereas the straight grid pattern has
two weak axes. The tiles in the staggered grid pattern reduce
curl and also make a stronger layer by distributing weak points.

The relatively long grout lines extending in a single

20 direction in the staggered grid pattern can shrink substantially
but still cannot cause the plane of the layer to bend upwardly,
as the alternating tiles are able to resist bending.

As the building material is cured, using preferred materials

(XB 5081), there is a delay of approximately 2-3 seconds prior to

25 shrinkage of the material. Consequently, if_no grout is used,
the tiles can be formed as fast as possible. However, in
embodiments which include grout, the tiles must be cured first
and allowed to shrink (for a few seconds) prior to laying grout.
Tiles can be cured by skinning. This skinning can be formed

30 using multi-pass, weave, rivets, as well as other techniques
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applications. These curl reduction techniques allow the tiles to
be larger in size without incurring significant curl. The tiles
can be cured by providing skin fill over the entire tile surface
and then moving on to the next tile. Alternatively, the tiles
can be partially cured (e.g., a one line trace) followed by
partial curing of other tiles, and then returning one or more
times to fully cure the previously partially cured tiles.

In the staggered grid pattern, curing of the grout lines
extending unbroken in the x direction also causes shrinkage in
the y direction inducing some amount of y direction curl.

Triangles are another pattern shape which can be used in
tiling. These patterns can be replicating triangle patterns
using a single triangle size and shape, or a replicating pattern
using triangles of different shapes. In addition, patterns of
randonm triangles can alsa be used, so long as adjacent edges
match to create an acceptably narrow gap. With patterns of
random triangles, the grout lines can all be made short and
interrupted so as not to create any weak axes.

The hexagon is the most preferable tile shape. Hexagons can
be closed packed to form solid tiles separated by thin isolating
lines. A pattern of hexagon tiles has no weak axis and no long
grout lines. Following the hexagon tile pattern (Figure 17a) in
declining order of preference are random order and size triangles
(Figure 17b), higher order triangles (Figure 17c), staggered grid
square tile patterns (brick wall) (Figure 17d), straight grid
tile patterns (Figure 17e), square regular array oppositely
paired triangles (Figure 17f) and square array regular triangle
patterns (Figure 17g). Other patterns besides those depicted in

Figures 17a-g exist which lead to regions of reasonably isotropic
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of polygons or close packed circular tiles.

Iayerf FI GURES 10a- 10c col
I n association with practi ci
invention: FIGURE 10a depi ct

In forming layers with tiling, it is preferable to stagger
the tile positions from layer to layer, such that the tiles and
5 adjacent layers do not align with each other. Offsetting tiles
between layers improves strength without unduly increasing curl.
Tiles that are aligned or non-staggered from layer to layer,
(i.e., columns of tiles) may be acceptable for tiling in the
first few layers above a down-facing feature. Followed by
10 conversion to a method of.building that connects the isolated
tile regions together. However, if an entire object (excluding a
down-facing portions of layer) is built with tiling, staggering
of tiles between layers is desirable. The stagger can be
intermittent, i.e., with groupings of short columns of tiles
15 throughout the object. 1If grouting is provided, staggering of
tiles between layers may not be required for strength, but may be
preferable for homogeneity.
Additional disclosure useful for implementing tiling is set

forth in U.S. Patent Application, Serial No. ,

20 entitled Boolean Layer Comparison Slice, Docket 190/217, filed by
Snead et al, which application is incorporated herein by
reference. Lfﬁis application discloses use of a across-sectional
comparisons to determine down-facing and other features
associated with each cross-section. These techniques can readily

25 be extended to determine areas to be tiled. These areas to be
tiled may include regions which are 1 or more layers above down-
faciné features. The most preferred method of implementing
tiling, as well as other skintinuous methods disclosed herein, is
through deviations between the object design or desired objection

30 design and the building representation, where these deviations
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secondﬁlayer FI GURE 10c de icts a side view of the boundaries 10 and

bull ets of five cross se Hﬂﬂ&mk@me on top of the other. GRE ekt
illystrates a side view o |ng nature of the bullets fgyygg&
pract|C|ng t he eighth enb present invention. 15

FI GURE 12 depicts the three- nen5|ona object used in Exanple 1 to test
t he i nproves®ntsnddrporiaiteti bytoassl beé | ige) progCulRE 1'Bhéemddd i catiemsvitew of
t he uppernost cross- sectlon
the slice program for implementing tiling can include utilizgtion
of sets of alternating closely spaced and further spaced hacth
‘paths. The area between the closely spaced paths determines the
5 grouting or gap regions whereas the area between the further
spaced paths determines the areas to be filgd. A second
preferred method is by formation of a vector set of skinning
vectors which are continuous across the region which can be
broken down into portions of vectors to be cured and portions to
10 be left uncured. This process of determining portions for curing
and portions for not curing can be made in the process computer
as part of a build program or the like. Of course, other methods
of implementation exiét.
A main thrust of several of the above mentioned embodiments
15 is achieving maximum solidification with minimum distortion prior
to attachment of adjacent layers. Complete unattachment for too
long a period of time can lead to drifting of solidified material
out of it designated position. One method of maintaining the
positioning of floating solidified material without inducing curl
20 into a preceding layer is to attach only one point of each vector
(e.g. each hatch vector of the first pass of hatch when using the
weave approach) to the preceding layer (which will tend to fix
the vector in place). Then the one point anchored vectors, which
have been floating, are scanned an additional pass to complete
25 the curing process and to insure adequate adhesion between
boundaries and hatch.
Generically, multiscan techniques can be used with many of
the above embodiments to help reduce curl. The multiscan may be
done in the form of multiple passes over individual vectors or it

30 may be done by crossing of vectors or by riveting areas together,
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of the part of FIGURE 12, along with indications as to what neasurenents
were made on the part; and 20 FI GURES 14a and 14b collectively

depict. a side view of a CAD de5|gned object and the object as reproduced
according to the teaching of ﬂheSEeet&BquaﬁEépas&fed enbodi nent o;cgjtig esent

I nvention. FlGURE 14a deplcts t d.object, and FI Talf
depicts the reproduction. 15a, 15b, and 15c collectively
deplct bLheepariipsed in the experl nple VI. FIGURE 15a depicts a
thre

The use of Smalley's and other curl reduction techniques may
also be readily used in conjunction with many of the above
embodiments to reduce various distortions.

5 An additional approach to minimizing curl in the various
skintinuous embodiments is called "Strong Arm". In this approach
the first layer of an unsupported region is given extra cure to
make it stronger and therefore better able to resist the curl
that the weaker, thinner upper layers will attempt to induce in

io0 it.

other distortion reduction techniques defined in the

definition section of this application can also be used.

Preferred Methods of Obtaining Uniform Exposure

15
Turning to FIGURES 1 and 2, it will be seen that multiple
exposure of boundaries 10, hatch lines 12, and skin £ill 14 will
likely cause cure depth variations as depicted in FIGURE. 2.
To obtain a smooth down-facing region, the net exposure over
20 all the area elements must be the same. While uniform cure depth
is necessary for smooth down-facing features, it is not necessary
to achieve smooth up-facing features. These up-facing features
attain their smooth surface finish from the smoothness of the
building material working surface (e.g. resin surface), and from
25 adequate strength of skins preventing their collapse from various

forces including shrinkage during post-curing.

—————_—

\J

to attain uniform exposure, particularly of down-facing regions. Y

There are three main approaches that are exemplified herein

While the third approach is most preferred, the other two are

30 within the scope of the invention, as are variations of all three

g
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di mensi onal vi ew of the part. FlI GORE™I5b depicts a top view of the part.
FI GURE 15c depicts an exaggerated t qpis YieB\MadReeh Rlastast orti on of the part

aftey.post: curing. 30 FI GURE 16b' col |l ecti vel YATENT
depi ct sanple cross- 15 sections 4 aﬂl r the purpose @30/1739.F
di stingui shing up-facing

that will be apparent to one of ordinary skill in the art in

light of the following description.

A first approach to avoid differential exposure is to avoid

the use of both boundary and hatch vectors, and only use £ill

5 vectors to cure down-facing regions, using uniformly exposed skin
£fill that results in an appropriate skin depth. This is a viable
method of obtaining uniform exposure and therefore cure depth,
but can suffer from distortion problems, as a relatively rigid
frame (boundary and cross-hatch) is generally required to keep

10 the skin from distorting as it is drawn. As described
previously, if speéial attention is paid to the drawing order of
the vectors, this method can be made viable.

A second approach is to draw boundary and modified hatch
vectors to the full desired depth. First, hatch vectors must not

15 be permitted to cross other hatch or boundary vectors to avoid
extra depth being added to these solidified crossover regions.
The remaining pockets are filled in with small skin fill vectors
that do not cross any of the cured boundary or hatch lines.

This second approach can be implemented, for example, by

20 either of two methods.

The first method is based on a single direction of hatch
being drawn as uninterrupted vectors with hatch that runs in
other directions["jumping“ the points where they cross the first
hatch type and where they cross each other. These hatch vectors

25 are broken into their required components and stored in an output
file for controlling the movement of the scanning mirrors
(sometimes referred to as an .SLI file). In addition to hatch
vectors that are drawn part of the time and jump the other part
of the time, individual skin fill vectors can be created to fill

30 each pocket that is formed by intersecting hatch and/or boundary

g
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and down-facing features of;.ap. 'g&% and the rel ationship of such features
to subregions of each cross - 16a depicts a top view opadgier
bounded and unbounded regi oﬁm ng e sanpl e cross-sectipsw/179.F
FI GURE 16b depicts a side v anpl e cross-sections of an object.
FI GURE 16b' depicts a side view of the subregions of the mddle

cross- sect i YACtEFr SURERhasR - 1Y Meatoxsecavar strredhdint &hes -8hd Shies for

tiling and the weak bendi ng axes, .if _ any, associated with each 10, ,
pattern/shape coRBen3RFent mWethod is based on standard hatch and skin fill

vectors being stored in the SLI file along with a system (e.q.,
as part of the mirror driving system) that uses slice, beam

5 profile, vector intersect direction, and cure depth parameters to
break down vectors into drawing and jumping elements depending on
whether they cross a hatch vector, boundary vector, or whether a
hatch vector is underneath the vectors being analyzed.

These two methods falling within the second approach require

10 definition of what it means for hatch and skin £ill vectors to
cross or lay on top of hatch or boundary vectors. This
definition can be based on a determination of how closely an
exposed vector (both skin and hatch) can approach a hatch or
boundary vector without causing an increase in maximum cure depth

15 in that region. ‘

The first method of this second approach may result in
creating large .SLI files and large associated vector loading
times. Accordingly, the second method of the second approach is
currently more preferred, when used in conjunction with a look-up

20 table. The contents of such a table in each instance will vary,
depending upon the slice parameters used, beam profile
characteristics, and desired cure depth to be obtained, and can
be routinely formulated for any required set of parameters by one

of ordinary skill in the art. This system can optionally be

25 adapted to account for approach angles between vectors. —

The third, and currently most preferred, approach is based
upon matching skin parameters to hatch parameters, to avoid
duplicate exposure by skin vectors of regions cured by hatch
vectors. The duplicate exposure could result from skin vectors

30 running parallel or antiparallel to the hatch vector regions.
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DETAILED DESCRI PTI ON OF THE PREFERRED ENBODINENTS The instant invention

addr esses al one or in conbi nat Thiyfhfebthas $rents in stereol i thogr ﬁ
met hpds. These are, first: meth Eﬁﬂﬂ“‘ﬂ [ ng structural int egrl ge

reduci ng the 15 need for pos

nmet hods of obtalm

uni form exposure in regions of intersecting vectors of different types
third: methomsiofa IO QiLRgGeer Eréfpine Aiveladbehibakt ddHeNdad that
reduce distortion due to shrinkage, curl, and post cure. Although these

t hree aspecttshefsiire vettemisi dpeadeawh oswdry the cross-hatch, giving

10

15

20

25

30

additional exposure to hatch vectors that are not parallel to the
skin vectors as drawn. This continuation of skin fill vectors
will keep the .SLI file size from becoming too long. This
approach is collectively illustrated in FIGURE 3. It will be
noted that the skin fill in FIGURES 3c and 34 is discontinuous in
areas corresponding to the x~ and y- hatch running parallel
thereto. The uniformity of the resulting cure depth is
illustrated in

FIGURE 4.

A down-facing skin area, or "region," can be divided into
categories or "subregions," based upon the nature of the
exposure, i,e., whether and to what extent there is overlap
between different vector exposures, as follows:

subregion 1 -~ skin exposure only;

subregion 2 ~~- skin and hatch overlapping exposure;
subregion 3 ~- skin and boundary overlapping exposure;
subregion 4 -- hatch and boundary overlapping exposure:
and subregion 5 -- skin, hatch and boundary overlapping
exposure.

Several approaches are suitable for exposing subregions 1
through 5 such that each region will be given the same net
exposure. In the presently most preferred embodiments, three
criteria are parémount. '

First, to provide a suitably rigid frame to support the skin
£ill, the following drawing order is preferred: first, boundary
vectors, then hatch vectors, and finally £ill vectors are drawn.

'Second, the fill vectors and the hatch vectors preferably

begin and end short of the boundary vectors by 1/2 the ECW of the

62



20 inter-related and are often cross- dependent, they will be addressed
I n sequence in this detalledhﬂsmxﬂhinw@ﬂ haﬁd wll also be iIIustrated In

the exanples below. Definiti MEﬂI ml "Beam profiles" represgy 1\3};@'
energy-di stribution of irrad m of ultraviolet |ight o

l'i ke, used to cure photopolynmer or other curable material in accordance
Wi th st er eobbhRQAHRPPeCcHrRC (itaRing” BrtbdadEouR @hedbhg1ar 8 MRbSFsAhS I hat

can be used in the
This reduces subregions 3, 4, and 5 to regions that contain
boundary vectors only, such that the boundary vectors should be
given the full exposure required in order to attain the desired
5 cure depth.

Finally, a set of fill vectors are preferably drawn parallel
to each type of hatch vector used, and all fill vector types are
preferably given the same exposure, with the exception that fill
vectors should not be allowed to contribute to further eprsure

10 in the regions exposed by their parallel hatch type. For
example, if x- and y- hatch are used, then x- and y- fill are
also used. Also x- fill vectors will only be created that are
spaced at least 1/2 the ECW of the hatch lines away from the x-
hatch vectors., A similar relationship should be maintained for

15 y- £ill and y-~ hatch.

This means that subregion 1 will have an exposure equivalent
to the combined exposure of each £ill type. Using the same
example of x~ and y- hatch and fill, each fill type should be
exposed to 1/2 the exposure required to obtain the desired cure

20 depth. Limiting £ill vector exposure in this manner has a
profound effect on subregion 2, which can be considered to
consist of two microregions: a) a microregion containing
overlapping of the various hatch types as well as the various
fill types, and b) a microregion containing a single hatch type

25 and the various fill types. Fill vectors will be absent from
this first microregion since they have been excluded to avoid re-
exposing hatched areas. Accordingly, the first microregion
receives its total exposure from that of the combined hatch
types. Thus, for x- and y- hatch, each hatch type will

30 contribute 1/2 the needed exposure. For the second microregion,
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30 bresent i nvention for f forq1n reg gﬁgen5|onal parts. The 16
accept abl e building materi al em that can transform from ®ZENT

state.to another state in resp re to synergistic stirmf0ti7OrF
The two states are then separ a sure of a single layer to

synergistic Stl nul tion or
y g éithe exposure will be provided by the single hatch line,

and the remainder by £fill types that are nonparallel to it. This
results in the total exposure being given by the exposure of one
hatch line plus the exposure from all but one of the skin types.

5 Therefore, the number of exposure sources is equal to the number
of cross hatch types, and hence, to the number of skin fill
types. Using x- and y- hatch, for example, 1/2 the exposure in a
region of x- hatch is provided by this hatch and the other 1/2 is
provided from the y- £fill and vice-a-versa.

10 This most preferred approach can be summarized as follows:
The preferred curing order begins with boundary vectors, followed
by hatch vectors, and finally by £ill vectors. The boundary
vectors provide the desired cure depth. The skin and hatch
vectors are shortened due to the ECW of the boundaries

15 {shortened by the EEP). The fill vectors are not allowed to
contribute to the exposufe (be created) within 1/2 the ECW of
either side of a parallel hatch vector. Each combination of
hatch type with its parallel skin type is used to achieve a
uniform cure depth. Each hatch vector and net exposure of its

20 corresponding £fill type is given the same exposure. Therefore,
the individual fractional exposure (IFE), a dimensionless
fraction of the needed exposure, given to each type is the

reciprocal of the number of different hatch types (NHT), i.e.,

25 IFE = 1 / NHT.

A preferred embodiment of the above is based on the use of
the presently preferred cross hatching method. This preferred
hatching technique utilizes x and 60/120 hatch instead of x- and
y- hatch. While the foregoing discussion relates to general

30 preferred methods of reducing "waffle" appearance, it is most
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5 separable after’ conptgggg of_a plurality of layers. The nost
preferred nmaterials are Bavplgcedinsform froma fluid- |ike state
to a cohesive state or sol W ~ e materials include |iqui o?‘:sENT
photopolyners sinterabl e §Rbl e powders or the |ike. Pri‘or
exposure to appropriate 10 synergistic stinulation (e.g. IR radlatlon
froma Carbgpe Bhprddlad anR t@ist hethbé e e i -Ruabt CoRPVERSSa B Eh I N @
fluid-like state since the powder particles can flow past one anot her

wher eas af t ebnfédt fon R aneeelprepantiy| mse Rreedohaedht typos M e. ,

equally~-spaced x, 60° and 120° hatch. The resulting hatch
vectors form equilateral triangles. Accordingly, there will be
5 regions where there is one hatch vector, and regions where three
hatch vectors overlap, but never, assuming accurate scanning,
regions where only two vectors overlap. The corresponding skin
£ill will be in the X, 60°, and 120° directions. These fill
vectors will again not be allowed to produce additional exposure
10 within the 1/2 the ECW of either side of their parallel hatch
vectors and within 1/2 the ECW (taking into the angle of
incident) of the boundary vectors. The order of curing will
again be boundaries first then hatch and then fill. The
boundaries will be given a full exposure to bring them to the
15 desired cure depth. The hatch and fill vectors will again be
shortened on each end by the EEP of the boundary vectors. The
hatch vectors will each be given 1/3 the required exposure
necessary to achieve the final desired cure depth. The fill
vectors will be scanned such that the net exposure in the 'skin
20 only" region will also be given by 1/3 of this exposure.
Except in regions of boundary vectors, to reach full
exposure, each point must be scanned by three vector types of 1/3
exposure from each type. In the region of skin alone, if all
three skin types of equal {1/3) and overlapping exposure are
25 used, a net exposure of 1 will be attained. Similarly, for a
region of hatch and skin, one hatch type is used, along with the
two skin types not parallel to it. Each is given an equal
exposure of 1/3 to obtain a region of net exposure 1. If the
hatch vectors form equilateral triangles, it follows that each

30 time any two hatch vectors overlap, the third hatch vector will
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The

—_—

cohesi ve mass. Simlarly the brndable pomders are in a fluid- 15 i ke
state prior to exposure t J ﬂ pogy R #gder gi stic stinulation (e.g. ;%gENT

cheni cal bi nder di spensed in a selective and contr.
nanner) whereas after expo ) JiIt|r sets and the powder (an
form a cohesive mass. The nost preferred of the above materials for the

present 20 alsonyenpresente the ieh apichnwectypeisiegbrdmlan exgditire of
acceptable materials include relatively solid sheets of naterial that are
t ransf or mabliy if,r atieanehet ab® ékpomatdcm thlisseeghertwilkde 1.
In regions where boundaries occur, an imbalanced situation
exists due to the presence of a boundary vector as well as the
5 other vector types described above. The possibilities include
the presence of: 1 boﬁndary + 3 hatch vectors; 1 boundary + 1
hatch + 2 £ill vectors; or 1 boundary + 3 skin vectors. These
combinations can be addressed, for example, in one of two ways:
1) have all hatch and fill vectors stop short of the boundary (at

10 1/2 the effective cure width) and then give the boundary itself
an exposure of one; or 2) select two of the hatch types and the
same two skin types to cure completely up to the boundary and
stop the other hatch and skin type short of the boundary at 1/2
the ECW of the boundary. If the boundary vectors are given a

15 1/3 cure, as are the ether vectors, this comﬁination results in a
net exposure of 1 in the boundary region. The first of the above
two options is presently the most preferred.

Yet another embodiment is based on the use of x and y hatch
along with the second option described above. In this case, the

20 exposure in the boundary region would be due to the boundary
vectors, one hatch and its corresponding f£ill type with the other
hatch and fill type stopping short. This embodiment has the
advantage of insuring better adhesion between the boundary
vectors and the fill and hatch vectors.

25 Still another embodiment is based on the use of x and 60/120
hatch along with the net exposure in the boundary areas being
made up of exposing boundary vectors along with exposing two of
the three types of hatch and the corresponding fill vectors.

Other additional embodiments are conceivable. For example,

30 where a different cure is given to a hatch type and it
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materials include "dry filni type photopolyne material s.that can be
solidified upon exposure to d of HagbaenawPIBe G stic 25 stinmulati
wherei.n after exposure the ‘exp | 18 bitosed material s cantxa;
by differential solubility in i iillH sol vent. "Bullets" areAol’s
of a building material which are SO|IdIerd In response to a beam of
synergi st i Ccéi-i-é@g%&{dﬂ-{b 311 t9pRoakNgohPerdBity kRl bRposbss apiveén o inyl e
non-overl apping 1

other hatch and £fill types, wherein the net resulting exposure

Téd

still produces the desired skin depth. It is also possible to
extend this approach to include other sources of print through,

5 such as that due to crosshatch from the layer above the one that
contains the down-facing feature. The cross hatch on this higher
layer can actually print through the lower layer. Using a
particular material, this print through effect is reduced when
larger layer thicknesses are used and increased when smaller

10 layer thicknesses are used. ﬁsing experimental or analytical
methods, the amount of print through can be determined, and the
cross hatch on the layer containing the down-facing feature can
be given a correspondingly lower cure. After the exposure of
this layer and the following layer, the down-facing feature will

15 have a uniform cure. In most cases, there are crosshatch vectors
on the layer immediately following the down-facing feature where
the above compensation method would be useful. However, on rare
occasions, an up-facing feature may be on the same layer as a
down-facing feature (therefore the feature is only one layer in

20 thickness), requiring the hatch and £fill to be perfectly matched
based on the one layer thickness of cure. On layers that have
both up- and down- facing features in the same area, it is
important to insure that only the down-facing skin is cured, so
as not to use more exposure than desired.

25 In the above description, only one effective cure width has
been exemplified to describe the proximity with which vectors can
approach one another, but more than one ECW and EEP can be used
in appropriate circumstances.

The methods described hérein have been implemented and

30 verified experimentally using x- and y~ hatch and fill without
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poi nt irradiations. The usual shape of the cured material is similar to

that of a bullet. FIGURE 5b depi TisSheet Has®agrRefladed Onal view a |ine orparent

vect,or. of -material cured by a deagig Emi ijl |t can equally weldo 9. F
e

interpreted as depicting a two ‘di ’Hm iew of a bullet, wherein

t he three-di nensi onal bullet would e volume of revolution fornmed by

rotating thenesds] exfi meddifiied software. An object can be sliced using x- and
y- hatch and x- and y- skin £ill. The SLI file created can then
be edited by hand, removing the skin fill vectors that are within
a specific distance of their parallel hatch vectors (this

5 distance is the ECW). This SLI file can then be merged with a
support file. The range file can then be prepared giving an
equal cure to the x- and y- hatch, and an appropriate single line
exposure given to the f£ill vectors in order to produce an
equivalent total exposure as that from the x and y hatch.
10 Alternatively, the software can be modified:

1) by creating a skin type corresponding to 60° cross
hatch and another corresponding to 120° cross
hatch,

2) by creating a slice option (or in some other

15 appropriate program) to allow an offset for skin
vectors to not be produced (or not drawn) in the
vicinity of hatch paths, and

3) creating an option to allow reduction of cross
hatch and £fill vectors on each end by a required

20° amount.

Another preferred embodiment of the portion of the present
invention dealing with obtaining uniform skin depth is based on-
the idea of using the same exposure for both the hatch vectors
and the skin vectors. The hatch vectors and skin vectors are

25 drawn at the same scanning speed. In the previous embodiment,
the net area exposures where the same not the individual vector
exposures. In this embodiment there is no need to produce
separate crosshatch. Instead, periodically spaced skin vectors
are pulled from the skin list and put into a hatch list for

30 exposure prior to exposing the remaining skin vectors. These
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vertical axis through its cARtR: Has BEhLREIHYE Cure Wdth" (ECW is a

di stance equal to tw ce 10 - ' possi bl e spaci ng of two VEATBNEB
from.ene another that wll’ rtﬂ!{ ﬂ[ﬂ g’ﬂ i ndi vi dual cure depth @BOZ179aF
cure depth associated with e W't hout neasurably increasing the
cure depth ,of, . the _conbi natjion.. For the preferred beam profiles and cures,
the Effoct i SEATaT\PAPRSPECR L &eftREFS TRECELGE a5 GIARPAATSTNARANAM B4F
Wdth (MW, (Gi. €. e_ W Sol i difi ' t bui.l,di.n
material s §b§th§§cﬂ¥%¥é§5é¥ JJHEf?%s Qhe ngﬁﬁééég£ﬁioflyﬁe Ebk %og
crosshatch and skin vectors. For the hatch vectors to have

adequate strength in order to form a frame for supporting the
5 skin vectors, it may be useful to space the skin vectors at a
maximum spacing (but still able to form an adequately uniform
cure depth) so that the individual skin/hatch vectors will be

relatively strong.

10 Preferred Methods of Selecting and Determining Cure Depth

To make a theoretical determination of skin thickness, by
one or more methods of calculation, one would ordinarily consider
the parameters of velocity [step period (SP) and step size (SS)],
laser power, beam profile, building material, working curve cure

15 depth and associated maximum cure width, and vector offset.
However, if a skin is forﬁed that is several times wider than the
laser beam, and a step size and an offset are used that are
several times smaller than the laser beam width, the energy
distribution over the skinned area will be substantially

20 uniformly distributed. 1If the energy is uniformly distributed,
the area will be uniformly cured to a particular depth depending
on the exposure. Thus, the exposure is defined as, Energy per
unit area = Laser Power x Step Period / (Step Size x Offset).
This above relationship can be equated to a particular thickness

25 by plotting thickness versus log of exposure which, if the resin
absorption cbeys Beer's law will result in a linear relationship.
From this relationship, one can determine the slope and intercept
of this plot. Since the above relationship does not explicitly
contain focus, profile, and machine working curve parameters, the

30 constants determined for one machine should be directly usable on

69

"



different lines of solldlfled.na_erlal can be adhered w thout an increase
in cure depth. For exanple, in FI GURE 5b;  the—heri zontal separation between
lines. 118- and 120 m ght represeﬂ@mﬁﬁmﬂmmhaﬁ [for string 100. Typically,
one hal f "the ECWrepresents the cjifEs | Mg Nat a sinilar line ofpypent
mat eri al can approach string 100 jH i abl y increasing i§gop@¥gMpm
cure depth. More generally, the E &Mt hat surrounds the center
line of a string, such as string 100, that represents the closest 25

posi tion t haotaeet Rachshei ¢ (oig arditheaprraheténe st araterial,

wavelength, and distance from the scanning mirrors to the surface
of the resin are the same (or accounted for).
The foregoing detailed description and following Examples
5 should be understood as being illustrative rather than limiting,
as routine variations and modifications are within the scope of
the invention as will be appreciated by one of ordinary skill in
the art. Accordingly, it is intended that the invention be

limited only by the appended claims, and all equivalents thereof.
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direction) of solidifi.ed material or set of strings of material can
approach t he-first—string—wthout resulting in the maxi numcure thi

of t,he conbi ngfJ
ei ther string.
poi nt, the exc%

10

15

20

25

30

yrably greater than the maxi mum t hi ckHesY %o
rallel 30 vect ors approach an intersection

EXAMPLES

EXAMPLE I

An experiment was conducted to determine whether skinning
every layer of a part gives any advantage with regard to
minimizing distortion as compared to building techniques based on
trapping substantially untransformed material within the limits
of the part .

In this experiment, eight parts were built, in groups of
two. Each group included an object built on an elevator platform
in front of the midpoint of the platform and an object built on
the elevator platform behind its midpoint, the objects were
identical except for their locations on the building platform. A
sample object is depicted in FIGURE 12. Each object was a one
inch cube with no top and no bottom but with a wall thickness of
100 mils. Various sficing and merging options were used to
create four different groups:

Grp Name Description

Skntin0l Front object has skin on every layer.

Rear object has skin only on top and bottom

layers.
Skntin02 - Front object has skin only on top and bottom

layers.

Rear object has skin on every layer.
Skntin03 - Front object has skin on every layer.

Rear object has skin on every layer.
Skntin04 - Front object has skin only on top and bottom

layers.

Rear object has skin only on top and bottom

layers.

All (8 parts) 4 groups were built with the following parameters:

7 1 %



point, "EEP" (the point at which the combinati-omwTT cause neasurabl e
increase in cure depth) is determined by .the hasgbesekids and angl e of

apprpach of the two vectors. If the vegtor Eéular t he ex@AFENT
exposure point is the 1/2 the ECGW 5 ° Ifwwg\! pproach ed@R/37ReF
at a 45 degree angle the excess exposure p 1

x 1.414 x ECW An
approxi mate rel ationship b§$§ggnt “5%§§i”¥y i?% approach, and the EEP is
'S

EEP = (1/2) x ECW/ SIN(A), ere e angl € between the vectors. A
nore accurate Cure thickness for layer boundaries - 26 mils
Cure thickness for layer -hatch - 26 mils.
Hatch vectors ran parallel to the x-axis and the
5 y-axis spaced at 50 mils and skin vectors ran
parallel to the X-axis.
Cure thickness for skin £fill was not specified as thickness
but as 1/2 the step period (SP) for a 26 mil cure (with an SS of
2) and step size (SS) of 16. All skin fill vectors ran parallel

10 to the x~axis with a 2 mil offset between them. (As a side note,
measurement of skin thickness uﬁder similar cure conditions
indicated that the cure thickness was approximately 20 mils. The
building material was SLR 800, manufactured by DeSoto Chemical.

Measurements were made on each part to determine the

15 resulting structural accuracy of the part. No attempt was made
to compensate for cure shrinkage. A series of measurements were
made near the top of each part. The measurements are depicted in
FIGURE 13. They are labeled 501 to 506. Measurements 501 to 503
measure distances parallel to the X axis, while measurements 504

20 to 506 measure distances parallel to the Y axis. The amount of
distortion of the part along the X-axis is defined as

Distortion (X) = ( 501 + 503 ) / 2 - 502,
similarly distortion along the Y-axis is defined as
Distortion (Y) = { 504 + 506 ) / 2 - 505.

25 The parts were skinned in the X-direction, the X-distortion is
the distortion of the wall perpendicular to the skinning
direction and the Y-distortion is the distortion of the wall
parallel to the direction of skinning.

The results are summarized as follows:

30 Skntinol -~
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and,t.he intersecti H - the vectors. "Layers" are the i I
t hi cknesses bet wee o 0ss-sections into which an obj ec'ti'ElngiW.ﬁ
di vided. These | ayers 15 formthe basis for the thicknesses of building
material (e.g. pBobnpodyiecy, dAlieylayesrts skimhed &8y ahenix-aipesyient o
synergistic stimulation (e.g. ultraviolet light or other polynerizing

radi ation) to transforndistortimi off wald- pekpesditular to direction of

10 }elationsﬁr can be derived froniinfornation regardi ng the beam
profile, the dept %am?iﬁ‘ oBeey Raplapndi | di ng mat erial response char act er{,ﬂ.éh&s,

skinning = 3.6 mils
-~ distortion of wall parallel to direction of
5 skinning = 9.4 mils '
Rear Object, Standard building, skinned only top & bottom
- distortion of wall perpendicular to direction of
skinning = 9.6
- distortion of wall parallel to direction of
10 skinning = 9.7
Skntino2
Rear Object, all layers skinned along the X direction
-~ distortion of wall perpendicular to direction of
skinning = 1.2 mils
15 - distortion of wall parallel to direction of
skinning = 8.2 mils
Front Object, Standard building, skinned only top & bottom
- distortion of wall perpendicular to direction of
skinning = 9.1 nils
20 - distortion of wall parallel to direction of
skinning = 7.0 mils
Skntino3
Rear Object, all layers skinned along the X direction
- distortion of wall perpendicular to direction of
25 skinning = 1.5 mils _
- distortion of wall parallel to direction of
skinning = 7.9 mils
Front Object, all layers skinned along the X direction
- distortion of wall perpendicular to direction of

30 skinning = 2.0 mils
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into a cohesive—structure. The layers are constructed to adhere 20 to
one anothiesn.and, gl egtively forma solidified (e.g. polynerized or PATENT

partiall i t ereol i thographically produced part. "MaiBAUAYEUFe
Depth ( 5 HiMhum Cure Wdth (MW" refer, respectively, to the
deepest Ll we -that is 25 obt ai ned when equsin%éa single line

or bullet of uncured bui I eifEeRRIN iofi “adlsparabiel ko dinaaticnoRE The
maxi num cure depth is gengkfﬁAghgw5u7.gsm&§Lerred to as the cure depth of
Skhtino4
Front Object, Standard building, skinned only top & bottom
5 - distortion of wall perpendicular to direction of
skinning = 11,0 mils
- distortion of wall parallel to direction of
skinning = 9.7 mils
Rear Object, Standard building, skinned only top & bottom
10 - distortion of wall perpendicular to direction of
skinning = 9.5 mils
- distortion of wall parallel to direction of
skinning = 7.9 mils
In summary, skinning each layer in the x-direction reduced
15 distortion in dimensions measured parallel, but not
perpendicular, to the X-aiis.
EXAMPLE II
In a second experiment, parts were built by skinning each
layer with skin that was perpendicular to the direction of the
20 skin on the previous layer. In other words parts were built with
X-type skin fill on every other layer and Y-type skin on the
other layers. The parts were the same as those described for

Example I, except for the differences in skinning.

25 Part GB349

Front Object, Every layer skinned, alternating X and Y types

- Distortion (X) 4.9 nmils
- Distortion (Y) = 4.4 mils
Rear Object, Standard building, skinned only top & bottom

30 - Distortion (X} = 4.0 nils
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boundary and hatTkl shi. @S

I ntensit
by this beam trad [E
a uniformdepth

occurs near the mddle of a

const ant
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Part GB350

~Since the beamof light is not generally of
HReplagedit h, the cure depth 30 and wi dt h EADENT
el | ne one or nore 19 ti mes does ndBoprb¥tRe
ifire.-  The maxi num depth of cure generally

- Distortion (Y¥) = 5.3 mils

Front Object, Standard building, skinned only top & bottom

- Distortion (X) = 3.1 nils

- Distortion (Y)

=

Rear Object, .Every layer skinned,

~ Distortion (X)
~ Distortion (Y¥)
Part GB351
Front, Standard building, skinne
- Distortion (X)

- Distortion (Y}

=

d

7.4 mils
alternating X and Y types
5.0 mils

-2.7 mils

only top & Bottom
5.3 mils

6.2 mils

Rear, Standard building, skinned only top & Bottom

- Distortion (X)

- Distortion (Y)

Part GB352

9.4 mils

6.8 mils

Front Object, Every layer skinned, alternating X and Y types

- Distortion (X)

- Distortion (Y)
Rear Object, Every layer skinned

- Distortion (X)

- Distortion (Y)

Part GB354

I

’

2.5 mils
3.0 mils
alternating X and Y types
1.9 mils

4.1 mils

Front Object, Skinned on every layer, all skin of the Y-type

- Distortion (X)

~ Distortion (Y)
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di rection-of scanning of the beaml
of cure occurs at the top (surface) line of material. n
exanpl e of the maxi mum depth and w dt of cure are depicted in FI GURE 5a
whi ch shows a | iReax IbjRidteskdahkddon eteryngayel,cale skhirrefil tHH)X-tyeet or
102 10 i ndi cates the scanning direction used in creating the string of
materi al 100. Surface 104 repres8astorbiorsolX)df led miteri al

cross-section of the trace but it can actuall cqgr anywher e dependi ng on
the distribution of intensity in umssmm B Y al so depend Ogpqt
trace. The WBX|mga

- Distortion (¥) = 7.5 mils
In summary, this data has substantial scatter but one can
5 conclude that skinning in x- and y- directions on opposite layers

appears to generally reduce distortion to some extent in each

direction.
EXAMPLE II1
10 Similar experiments to those set forth in Examples I and IIX

tended to show that providing both x~ and y- skin fill on each
layer generally reduced distortion in both x- and y- directions.
Similar experiments to those set forth in Examples I and II
showed that providing X- skin f£ill along with X, 60, and 120
15 degree hatch on each cross-section substantially reduced

distortion in both directions.

EXAMPLE IV
Fouf 1% x 1" squares were built in a single build process on
20 a stereolithographic apparatus. Each square consisted of six 20
mil layers. The structural support for each layer was based on x-
and y- cross hatch, spaced at a 50 mil separation. Each square
was supported by a grid of webs placed at a spacing of 1/4". The
webs consisted of ten 20 mil layers. On the top surface of each
25 square a standard skinning technique was applied. Therefore, the
top surface was given x skin fill spaced at 2 mils on top of a
grid of x- and y- crosshatch. The supporting wgb ;tructures were
numbered 1 through 4 while the square patches were numbered S
through 8 (based on the merge order).'

30 On the first layer of each square, x- and y- hatch were
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that was created fromthe fluid-1ike material that forned part of the
surface of Thh cetlihabﬁeewaM@rl al . FIGURE 5b represents an end-on vi ewofpy
string 100. MR at es t he position of 15 the top of tieofil £l
string 1b0 3B represents the bottom of cured string. The
vertical - di stance betmeen 106 and 108 is the maxi num cure depth of string
100. Line lagpikedessing & pardtdicilawsexpdserefalsing wgth08, pabtieulame 114
represents the right-nost edge of string 100. The horizontal separation
bet ween 20 skimnpngneechnidque aind pasPaiated rexpasyre.of Ther sagondothrBigh a

sixth layers were given the standard 26 mil cure depth for

boundaries and hatch. On the first layer the boundary vectors

5 were given the full desired cure depth, without factoring in any
reduction in hatch and skin vectors for the purpose of minimizing
multiple exposures in boundary regions., The skinning/exposure

technique was varied for the first layer of each patch.

Square Patch 5: "Standard Approach to Down-Facing Skins"
10 boundary = 26 mil cure (SP 65, SS 2)

x- and y- cross hatch = 26 mil cure (SP 65, SS 2)
x- skin £ill = half the SP of a 26 mil exposure
if ss = 2 (SP 33, S8S 16); fill vectors spaced at 2 mils with

no gaps except exact duplicates of hatch.

15 y- skin fill = None
Square Patch 6: "Down-Facing Skins with Skin Slightly Under-
Exposed"

x- and y- cross hatch = 20 mil cure (SP 29, SS 2)
boundary = 20 mil cure (SP 29, SS 2)

20 x- skin £fill = SP for a 16 mil cure if SS = 2 (SP 17, SS
16); £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors (this
meang the skin fill vectors that are closest to the hatch
are 6 mils away).

25 y- skin £ill = SP for a 16 mil cure if SS = 2 (sp 17, sS
16): £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors.

Square Patch 7: "Down-Facing Skins with Skin Exposure Closely
Matched to Cross Hatch Exposure"

30 boundary = 20 mil cure (SP 29, SS 2)
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string 100 of solidified building material nay be used for several

purposes: 1) to insure adhesion_between the |ayer associated with its
creati.on and the preceding Iayer 2) to forma down-facing feature of a
part bei hg created, and 3) as Siget Has BdewBaphytedof a series of such strings
of cured material, where the’ serﬂgﬂ mmmﬁm%ed for one of the ?é‘ %%
pur poses. An up- faC|ng feature d in the above S|n t

be fit into one of the above categories depending on the situation. For the
first purpose |igleghdhayrqsax nBUBhCHN £0 4RDL P (sp 29, ss 2)

x- skin fill = SP for a 20 mil cure if SS = 2 (SP 29, SS

16); £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors.

5 y- skin fill = SP for a 20 mil cure if SS = 2 (SP 29, Ss
16); £fill vectors spaced at 2 mils with vectors removed that

are 2 mils and 4 mils from parallel hatch vectors.

Py
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30 preferably be greater than t he | ayer ‘thi ckness. The vertical 20
REPLACEMENT SHEET 21 separation bet v@é‘ﬁl ¢f Hips Bac@Berdazet! | i ne 110 repr eseathgny

the [layer ‘thickness in such a case.

10

15

20

25

30

purpose the Milge,179.p

Square Patch 8: "Down-Facing Skins with the Skin Slightly
Over-Exposed"

boundary = 20 mil cure (SP 29, SS 2)

x- and y- cross hatch = 20 mil cure (SP 29, SS 2)

x- skin fill = SP for a 26 mil cure if SS = 2 (SP 65, SS

16);

fill vectors spaced at 2 mils with vectors removed that are

2 and 4 mils from parallel hatch vectors.

y- skin fill = SP for a 26 mil cure if SSs = 2 (SP 65, SS

16);

£fill vectors spaced at 2 mils with vectors removed that are

2 and 4 mils from parallel hatch vectors.

After building these four square patches they were examined,
and none of the parts showed any signs of distortion. Part 5 had
the typical large waffle with cross hatch protruding beyond the
skin. Part 6 had a smaller waffle with cross hatch protruding
beyond the skin. Part 7 had cross hatch and skin fill cured down
to approximately the same level. However, there were slight
protrusions along the sides of the cross hatch and a slight
depression in the center of the cross hatch indicating that the
skin was slightly overcured and maybe that the skin was not cured
within the proper effective cure width of the cross hatch. Part
8 seemed to have cross hatch whose center line was depressed as
compared to the skin and to a raised overlapping edge where skin
and cross hatch joined. The size of the discontinuities in Part
8 were larger than those in Part 7. See FIGURES 6a-6d for a
sketch of each of these cases.

A scratch test indicated that Part 7 was almost smooth, Part
8 was slightly rougher, Part 6 was much rougher, and finally Part

5 was the roughest of all. A visual inspection indicated that

™
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represents the |ayer thickness, and—fortHe third purpose the vertical
separation between line 106 and |in %ﬁﬂmgg@&mmgﬂmasent 5 the | aygarent

t hi ckness 'since the net thickness of imﬁ w r| al mght incrgaggsspm
n

the segnents over | appi ng each ‘ot her. refers to two or nore
exposures being given to a region so I'ncrease in maxi num cure depth
occurs. SincRamurZe lpokied best; efoblowrst dys Parkty8sorepé f utheen ohinalthyo by Part
separately 10 exposed areas can 'touch and bind to one another w thout
changi ng 't hés«maxi mum cure depth of either. Wien two |ines are exposed

The results of this experiment showed that the technique
disclosed herein reduced waffle considerably. With the
5 parameters used in this test, hatch strength appeared to be

sufficient to support the skin without distortion.

EXAMPLE V
Experiments were done to test the usefulness of "Weave" for
10 building parts without increasing the vertical distortion of the
parts or the need for adding additional supports.

In a first experiment 8 parts were built with the purpose of
determining the most appropriate cure depths to use with the
first pass of crosshatch in a weave building technigque. The

15 parts were built with 10 mil layers, using XB-5081
stereolithography resin, with a HeCd laser of 14.8 mW, and a beam
diameter of 8.7 to 9.0 mils. The parts were built with
boundaries and with X and Y hatch according to the "Weave'"
embodiment described earlier. That is, the spacing between

20 crosshatch vectors was somewhat greater than the cure width
associated with curing the vectors. The boundary vectors were
given a 16 mil cure and the cure depth for the first pass of the
crosshatch was varied from part to part. Adhesion between
layers was obtained by the overcure of the boundaries and the net

25 cure depth (overcure) of the intersection points of 2 equally
exposed intersecting pairs of crosshatch vectors. The cure
depths for the first pass of the crosshatch for different parts
were 7, 8, 9, 10, 11, 12, 13, and 14 mils. It was found that the
parts that used initial crosshatch exposures to obtain initial

30 cure depths of 7, 8, and 9 mils showed no sign of curl but they
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besi de one anot her—their—raxi-msm-widt hs may overlap resulting in a |arger
exposure in this re

Iy a correspondi ng increase in depth. But i |
addi,tional exposure%ﬁ%ﬁﬁéh the 15 region near the naxigw%'ﬁuyﬁ
| ¢

depth of the individ

ieonbi ned maxi num cure depth w Il not

general ly be neasurably deeper than their individual maxima. Overl apping
soneti nes refibdsdemomstirmte aiequade adbesioe. by gardspoadleswitherd dile
curing of each other whether. or not they result in an increase in 20 t he
maxi num cur eagdpgheaterinitialnerosshatebnewre deptbhdemonssrated

10

15

20

25

30

unacceptable curl. Therefore, it is concluded that the first
exposure of crosshatch in the preferred weave embodiment should
be based on a cured depth less than the layer thickness. It is
possible that a cure depth somewhat greater than the layer
thickness would be acceptable for certain materials that wouldn't
show significant bonding between layers for small overcures.

A second experiment similar to the above was done to look at
the most appropriate hatch spacing to use with the "Weave"
building method. The material used was XB 5081, the layer
thickness was 10 mils, the cure depth for boundaries was 12 mils,
the cure depth for the first pass of crosshatch was 8 mils, and
the beam diameter was 8.8 mils {maximum cure width = 10 mils).
The hatch spacing for the different parts were 3, 5, 7, 9, 11,
13, 15, and 17 mils. It was found that the parts built with
spacings of 15 and 17 mils didn't have adequate structural
integrity. The parts built with spacings of 3, 5, 7, and 9 nmils
showed unacceptable curl. Finally, the parts built with a
spacing of 11 and 13 mils (as well as the parts built with
spacings of 15 and 17 mils) showed no signs of excessive curl.

EXAMPLE VI

An experiment was done to compare the post cure distortion
of parts build using the preferred "Weave" building method, the
standard building method, and the standard spacing but staggered
hatch building method.

This experiment consisted of building a series of parts with
different building parameters. The parts were then cleaned and
measured on a coordinate measuring machine (CMM), This first set

of measurements measured the green (only partially cured) part.
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term "overl appi ng" LEIIEEitﬂM==_~ggE§LgLIy make its neaning clear. "Step
Period" (SP) is a part:building par er that defines the period b

each |aser. step. 25 Thwyr?”“g @i Resthiz®. (SS) is a part-building pgg }éﬁﬁﬁ%
that defi'nes the size ”'j!jj‘é‘wulf Bd by the laser spot on the U|Id|ng
materi al surface. "Vector data™*# Aaata that represent the |ength and

direction amdel pagts wére rtn'&!h aitde(utlexmmyupestmztém floldoee’d by sodtrlf yddrg
30 the building material in the preferred enbodi nent of the present
of measurements of the parts on the CMM. This second set of
measurements measured the fully cured part.
The parts used in this experiment are depicted in FIGURE 15,
5 FE?F@E 15a depicts two vertical walls built side by side with a
small separation between them. The height of each wall 530 was
1.000 inch. The parts were built and measured while attached to
Web Supports that were attached to the building platform (not
shown) . FIGURE 15b depicts a top view of the two walls. The
10 length of the walls 510 was 4.000 inches. The width of each wall
500 was 0.100 ihches and the separation of the walls 520 was
0.050 inches. Building two substantially back to back walls
allowed each wall to be post cured by synergistic stimulation
coming from substantially one side of the wall. This one sided
15 curing results in a predictable nonuniform cure of the object and
therefore results in a pgedictable direction of distortion. The
measurements made by the CMM on each wall are also depicted in
FIGURE 15b. Measurements 540, 550, 570, and 580 were made at
approximately 50 mils (0.050 inches) from the edge of the wall
20 and approximately 100 mils below the upper surface of the wall.
Measurements 560 and 590 were made along the same edge of the
wall and approximately 100 mils below the upper surface of the
wall. Measurements 560 and 590 were made along the same edge of
the wall and at the same vertical position as measurements 540
25 and 550 and measurements 570 and 580 respectively. Thgy were
made at the horizontal center of the edge of the wall.
FIGURE 15c depicts distortion of the walls induced by post
curing. FIGURE 15c depicts a top view of the walls. The dashed
lines 600 and Elo represent the desired shape of the walls.

30 Whereas the solid lines represent the actual shape of the walls.
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22 invention. "Vectors" are exposure |lines define vector data and
resulting frome.g. a scanning beamof ultraviolet radiation, on a liquid
phot opol yner, or 6?TTT“TTTTT§‘FFKG——SOIidifiable medi ums. "Skin" vectors are

hori zontal surface TvRehei s bha PATENT

" soiire s

To determlne the 3lstortlon of the first wall, the measurements
of points 540 ana 550 are connected by a straight line. The
amount of distortion 630 is the length along the perpendicular
distance between the line and point 560. To determine the
5 distortion of the second wall, the measurements of points 570 and
580 are connected by a straight line. The amount of distortion
650 is the length along the perpendicular distance between the
line and point §30.
The parts were built with 10 mil layers on a standard SLA-
10 250, manufactured by 3D Systems, using a HeCd laser and building
material "XB-5081", manufactured by Ciba-Geigy. The post curing
was done in a PCA using 10 - 40 watt black light lamps (disclosed
in U.S8. Patent Application 07/415,134. The cleaning of the parts
was dcone ultrasonically in an alcohol bath for 2 minutes. Eight
15 pairs of parts were built using the standard bounding technigue
(that is skinning only the up-facing and down-facing features of
the object along with using widely spaced crosshatch to form the
internal structure of the part). Four pairs of parts were built
using the standard building technique with the modification of
20 staggering the hatch from layer to layer. Two sets of parts were
built using the weave approach.

It was found, from the green part measurements, that all the
parts had practically no distortion after being removed from the
vat and cleaned. The distortion of each part, at this stage, was

25 less than 1 mil. Therefore to study post cure distortion we need

only look at the post cure distortion data.



typically traced fromone boundary to an opposing boundary at 5

relatively high speed and with_a substantial overlap between successive
vectqr,s which are generally traced i i "oppostte directions, and typically
form"skin fill" which def|n€§3&kamaﬁ§&n gpper and | over hor i zontmTENT
exterior surfaces of a stereol y formed part in tradisdural. 10
stereolithography and in seve E erred enbodi nents of the
present invention. Typically, skln vec pacing is fromabout 1 to about
4 mls for a maximumcure width of a single

The results of the experiment are summarized below.

Building Method Average Distortion
Regular Hatch 12.52 mils
5 Staggered Hatch 8.11 mils
Weave 1.76 mils

From this table we see that both the Staggered hatch and Weave
building techniques lead to a substantial decrease in post cure

distortion. Weave is seen to be especially useful minimizing

- 10 this distortion.
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exposuie bei ng about 14 to 15 mls. O course, these exenplary and

illustrative paraneters can be varied as needed based upon 15 such
congiderations as the desired snoothness of the |ayers, the power of the
| aser, the possible speed range of the irradiating source (i.e., the
nBX|nun1dramnn t hi ckness desired, and the nunber of
vectors that ard} 'UW”“%!L’MH ored Accor di ng@ HﬂaBunas;mggs of this
i nventi on, howeud prOV|ded [ exterior
surfaces of the part®. Acchbrdind to ot aspect s ﬂ" n, ski n
vectors can be

' CLAIMS

1. A.stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the
steps of: - )

identifyingtapy up-facing regions, déwn-facing regions,
and internal regions of a first layeg}

identifying any internal regions of a second layer:

exposing any down-facing region of the first layer to
synergistic stimulation to solidify substantially all area
elements of the down-facing region;

exposing any up-facing region of the first layer to
synergistic stimulation to solidify substantially all area
elements of the up-facing region:

exposing at least a first portion of any internal
region of the first layer to synergistic stimulation to solidify
substantially all area elements:first portion wherein the first
portion has a width substantially greater than the width and
length of the lines of the hatch pattern; and

hatching a second portion of any internal region of a

second layer by exposing the second portion to synergistic

stimulation in lines of a hatch pattern.

2. The method of claim 1 further comprising the steps of

solidifying a skin on internal regions of layers of the object.

3. The method of claim 1 further comprising the step of

hatching the first portion of any internal region.



drawn non-consecutively and/or nonoverlapping (e.g., a first pass at 7-8
ml intervals and a subsequent pass at intervening intervals). These
aspeets g I € Eescribed in detail 25~ ——betow “Boundary" vectors

are trao 1 vertical exterior surfgegse:hs BelERreptaced

stereol it '!ﬂ“af' S rmed part (therefore t nge of each
Cross-section). These vectors generally are scaamm%]ﬁﬂﬁy t han skin
vectors such 30 that a greater cure depth S daries, -
unli ke skin

4. The method of claim 3 further comprising the step of
hatching the first section with lines of an X/60/120 de&ree hatch

pattern.

5. The method of claim 3 further comprising the step of

hatching all regions of each layer of the object.

6. The method of claim 6 wherein all area elements of

down-facing region are provided with a equivalent exposures.

7. A stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the
steps of:

providing skin £ill on at least a portion of a layer by
exposing the portion to a first exposure of synergistic
stimulation comprising a first set of noncons&=™" | parallel
skin lines; and

exposing the portion to a second exposure </
synergistic stimulation comprising a second set of n;;consecutive
parallel skin lines substantially interposed ketween -'nd parallel

to the first set of nonconsecutive parallel lines.

8. The method of claim 7 wherein adjacent 1i* s of the
first set are sufficiently spaced apart to prevent iines of

solidified medium of the first set from adhering to each other.



*Afil], generafly do not rely on overlappi ng offset—passes—to attain their
full cure dept h.! | Bhis$heatHps BearsReplad € I egi ons on ey N

eaneeH 1 dgnﬂ%ﬂfrlap
regjans of the previ | ayer (non- domﬂ i ‘ \
preferred that the i“ﬁlmmﬁglﬁgﬂeed 5 the | ayer ¢ hilckMes§, %o, t hat
i nproved adhesi on between T'a . °7

9. A stereolitth?Ephic method of constructing an object

by forming stacked layers of a medium solidified by exposure to
synergistic stimulatioh applied in a pattern, comprising the
steps of:

forming a skin on at least a portion of a layer by
exposing the medium to synergistic stimulation comprising a first
set of parallel skin lines;

further solidifying the portion by exposing it to
synergistic stimulation comprising at least one second set of
parallel skin lines, said lines in said at least one second set

being non-parallel to said lines in said first set.

10 . The method of claim 9 wherein the lines of the first

set and second set are perpendicular to each other.

11 . The method of claim 9 wherein the skin lines of at

least one of the first set and second set are non-overlapping.

12, The method of claim 9 wherein the skin lines of at

least one of the first set and second set are overlapping.

13. The method of claim 9 further comprising the step of
hatching the layer prior to exposing the first and second sets of

skin lines.

14, The method of claim 13 wherein the hatching comprises a
first set of parallel hatch lines and a second set of parallel
hatch lines, with the lines of the second set of hatch line not

parallel to the lines of the first set of hatch lines, and the



resulté. In regions of down facing features, it is preferred that net cure
dept h be subst anti-ally—egquat—to-thé | ayer thickness. "Hatch" vectors are
sim,l.ar to boundary vect ﬁhﬁﬁh XeeRE that 10 they are traced in a

substantially unif i'”y;. type pattern, _LQ_dELLne_Lhe~kﬂ%efnal
| attice structure oj hogr aphi cal | y-f or g el [
preferred that the B i®eed t he | ayer thmi a: b
a non-down-f aci ng reglon so that inproved adhesi onsbeeween ayers
83
first set of hatch lines runs parallel to the first set of skin
lines, and the second set of hatch lines runs parallel to the

second set of skin lines,

15. The method of claim 13 wherein the hatch lines of the

first set are perpendicular to the hatch lines of the second set.

16, A stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the

steps of:

solidifying a first skin on at least a first portion of
a first layer by selectively exposing medium to synergistic
stimulation comprising a first set of parallel skin lines;

solidifying a second skin on at least a second portion
of a second layer by selectively exposing medium to synergistic
stimulation comprising at least a second set of parallel skin

lines which are not parallel to the skin lines of the first set.

17, A method for reducing irregularities in cure depth of a
region of a layer of an object made by stereolithography,
comprising the steps of:

at least partially solidifying a first portion of a

region of a layer by exposing the first portion to synergistic



15 results. If being drawn in a down-facing region, then |ayer

t hi ckness cure deprh‘TS“prefeffed -kn several prefe 0 odi nents of the
M.
H tch

present invention, en,l ayers is obtai

depth that is obtaln L ersections of t

vectors wherein the tmm ml m Hth of the indivi dual hatch'lines is
insufficient to cause curl 1nducing adhe Sh between the | ayers.

" Ski nt i nuostsimiatgete cdimprdsingdascledetls Amidut lididagiteahnseteo i les,

generates a substantially solid fill pattern over
which lines of each set are spaced apart from each other so that

no direct adhesion occurs between material at least partially
solidified in association with each individual set;

at least partially solidifying a second portion of the
region of the layer, which at least substantially includes all
area elements not at least partially solidified in association
with the at least first set, by exposing the second portion to
synergistic stimulation comprising at least a second set of
lines, wherein the lines of the at least second set result in a
net exposure in area elements of material not at least partially
solidified in association with the at least first set, wherein
the combined exposure of the at least first set and the at least
second set resgl}_in substantially the same exposure in the area
elements which weée at least partially solidified in association
with the at least first set, wherein the lines of the second set

are adhered to each other and to the lines of the first set.

18. The method of claim 17 wherein the lines in each
individual set of the at least first individual set are parallel

to each other.

19, The method of claim '8 wherein corresponding to each
individual set of the at least first set is an individual set of
the at least second set which has lines running parallel to the

corresponding individual set of the at least first set.

20, The method of claim 19 wherein corresponding individual
sets of the at least first set and at least second set do not

overlap each other.



a substantial portion of the cross-sectional area of a part. 25

"Mul tipass" refers to a drawi ng technique which utilizes nore than one pass
to expose-a region (e.g. a line) so that the material is substantially
reacted before direct adhesion with surrounding structures takes place. The
purpose of this nethod is to minimze pulling forces between |ayers and

therefore to 30 reduce curl. 23
' T
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21 . A method for reducing irregularities in cure depth of a
region of a layer of an object made by stereolithography,
comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprising a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines:

at least partially solidifying a second portion of the
region of the layer, which at least substantially includes all
area elements not at least partially solidified in association
with the first set, by exposing the second portion to synergistic
stimulation comprising a second set of lines, wherein the
exposure of the second set when combined with the exposure of the
first set result in substantially all area elements being given
similar exposures, wherein the lines of the second set are

adhered to each other and to the lines of the first set.



24 "Inferrupted Scant” or "Bricking" refers to scanning a vector with
recurring gaps to relieve transmtted stress. "Tiling" is an interrupted

scanpikng techmquethat—appties to relatively w de regi ons as opposed to
L,Ops may be made up of vectors). This scanning

which fit together very snugly but are not

vect lO{: I(tnhgxllé’shsle?négenr LRRS :
R T

22, A method for reducing irregularities in cure depth of a

region of a layer of an object made by stereolithography,
comprising the steps of:
at least partially solidifying a first portion of a

region of a layer by exposing the first portion to synergistic

stimulation comprising a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines,

at least partially solidifying a second portion of the
region of the layer by exposing the second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set, and wherein at least some individual area
elements, exposed by the lines of the first set and the lines of
the second set, receive a maximum exposure where they overlap;

at least partially solidifying a third portion of the
region of the layer, which at least substantially includes all
area elements not receiving the maximum exposure resulting from
the combined exposures of the first and second sets, by exposing
the third portion to synergistic stimulation comprising a third
set of lines, wherein the combined exposure of the first, second,
and third sets results in substantially all area elements being
given similar exposures, wherein the lines of the third set are
adhered to each other and to the lines of the first and second

sets.



adhered to each other. Theimtention of this net Xi ' m ze

per cent age of bMSﬁe@m HLd;ng while reducing t MMH es that
gener.ate curl . ? am' refers to a scan mm ere
sone internal ha ’”ﬂm "]lm ectors ardetracted #rofn the ™ ayer borders
to avoi d adhesi on, wherein after exposure of the hatch or fill an offset

border or the Ijke ASmaEABRCEOE O ATy 1BOHAL S5 81k Off Wutdl deptient 35
Quilting" refers to dramnng t ni que whi Ch first

region of a layer of an object made by steredlithography,
comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprisihg a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines;

at least partially solidifying a second portion of the
region of the layer by exposing the second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set;

at least partially solidifying a third portion of the
region of the layer by exposing the third portion to synergistic
stimulation comprising a third set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the third set, and wherein at least some individual area
elements, exposed by the lines of the first set, the lines of the
second set, and the lines of the third set, receive a maximum
exposure where they overlap;

at least partially solidifying a fourth portion of the
region of the layer, which at least substantially includes all
area elements not receiving the maximum exposure resulting from
the combined exposures of the first, second, and third sets, by
exposing the fourth portion to synergistic stimulation comprising
a fourth set of lines, wherein the combinéd exposure of the
first, second, third, and fourth sets results in substantially
all area elements being given similar exposures, wherein the

lines of the fourth set are adhered to each other and to the

lines of the first, second, and third sets.



partitions each |ayer into patches by scanning a relatively | arge
crosshatch structure. Each patch is then treated as an individual region to
be sgcanned. This nethod relieves problens that can arise when draw ng
relatively largeTtegions wiih O floating material Techniques(e:g.” | og

legan is. 8?82&”‘;45ﬂmmﬂ%ﬁﬂi ke it extra %*ﬁlﬁm@ﬁﬁﬁ?gg

its ability to resi%t ®di $toftion caused b%agghesion fonythe

next higher | ayer.

24. A method for reducing irregularities in cure depth of §
region of a layer of an object made by stereolithography,

comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprising a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines,

at least partially solidifying a second portion of the
region of the layer by exposing the second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set, and wherein at least a portion of the lines of
the first set and a portion of the lines of the second set adhere
to each other, and wherein the lines of the first set do not
overlap the lines of the second set, wherein at least some
individual area elements exposed by the lines of at least one of
the sets receive a maximum exposure;

at least partially solidifying a third portion of the
region of the layer, which at least substantially includes all
area elements not receiving the maximum exposure resulting from
the exposures of the first and second sets, by exposing the third
portion to synergistic stimulation comprising a third set of
lines, wherein the combined exposure of the first, second, and
third sets results in substantially all area elements being given
similar exposures, wherein the lines of the third set are adhered

to each other and to the lines of the first and second sets.
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5 " V‘éaveumw “ﬂ‘s to any drawi ng patt er@swhiiahBgeRepiaties a
near solid fill LA S vectoreXgp the first p Yﬂﬁfe
spaced-slightly farther apart than the nmaxi mum cure %ﬁdt MRl 1BV e
exposures that are Iess than that necessary for adhesion (i.e. under -
cured). Adhesi orris dpmgthed For datersivingl pasdl igh flicghépnodepth pagsathy
curmul ative exposure , . )
least a portion of a skin of a three-dimensional object being
formed by stereclithography from a medium solidified by exposure
of a set of spaced skin lines to a beam of synergistic
stimulation having a scanning velocity, comprising the steps of:
a) determining the power of the beam of synergistic
stimulation;
b) determining the spacing between the skin lines;
c) determining the scanning velocity of the beam:;
4d) calculating the exposure which the beam provides;
e) specifying medium parameters of the medium
relating solidification depth to exposure; and
£) determining the solidification depth from the

calculated exposure and the relationship between solidification

depth and exposure.

26 , The method of claim 25 wherein the medium parameters
are contained in a graph of expousure versus solidification depth

for the medium,

27 . A method for selecting exposure parameters to provide a
desired depth of a skin formed from a set of spaced skin lines on
a layer of an object made stereolithographically by forming
stacked layers of a fluid medium solidified by exposure to a beam
of synergistic stimulation having a scanning velocity comprising
the steps of:

a) selecting the desired skin depth;

b) specifying the medium parameters of the medium
relating solidification depth to exposure;

c) determining the exposure required to obtain the
desired skin depth, using the material parameters of the medium

which relate skin depth to exposure;



resulting at the intersecting regions of threads. These intersecting
regions are sonetines called stitches. "Interlace" is &jﬁﬁ%44ﬂﬂgﬂ;jgﬁ$;ii
"non-consecutive‘§€énnfng”—mhefein -every other vector is jfg on a fi+st
pass 5 of a regrENSRAHd RE, j vectors are scanne $ %@E,.a%’i_
"Staggered" refers qﬂ‘ thod where different draw AN URHY
are used on al ternat ﬂnmmm Fgr exanpl e staggered hatch refers fo *
of fsetting or shifting the hatch vectors~o# every other |ayer so that the
hatch vectors on

-d)} specifying two of beam power, skin line spacing
and scanning velocity;

e) calculating the remaining unspecified parameter
of step 4) using the exposure and two parameters specified
in step 4). |

28. The method of any preceding claim, wherein the
medium comprises a photopolymer.

29. The method of any preceding claim, wherein the
synergistic stimulation comprises UV light.

30. The method of any preceding claim, further
comprising the step of reducing any curl by using a
technique selected from the group consisting of smalleys,
rivets, webs, multipass and the combination thereof.

31. The method of any preceding claim, wherein the
medium comprises a powder.



10 adj acent |l ayers do not overlay each other. The intended purpose of
this nethod is to produce a nore honbgeneous structure and possibly to
reduce curl in sone instances. "Snalleys",igfer to a building technique
where hol es or gaps are placed at criticaP ocations on a given

Cross-sect IMPRAVED STERBEL BFHOGRAM RNt RURTQUY hrEDRNTPFESIesi gn but t hey
can be inplenented froma Slice type programonto individual cross-

sections). They reduce curling by interrupting the propagati on of stresses
fromone region of a |ayer to another RBSERRCDf the

Improved methods for building stereclithographically-formed
parts include providing skinned layers in more than the up- and
down- facing features of the part, to methods for avoiding over-
exposure of down-facing regions at points of intersection of

exposing vectors, and to methods for determining skin thickness.
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| ayer. 20 "Riveting” or "Stitching" refers to an exposure techni que
that applies different |evels of exposure to a given |ayer, wherein sone of
t he exposures are_less than.that .necessafdpd0r adhesiuwn andssorts aof FL'hs
exposures arg sufficient to cause adhesion thereby creating discrete

| ocati ons pf adhesi on which 25 m ght resenble rivets. '\\ebs" r ]
structurés that —arenet—a—portion of a desi FgaRﬁ%aﬁAI}e&P&ggchoﬁﬁ%ffgp% 7k
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formed along with the object by the stereolithography apparatus to give
support to various features of the object and to allow 30 easy
separ at i‘on* vk tspe’wbjeet Lhwom t he sbubtabivrgspsatform @& 27,'ddo- gagi o, tap
Downi- f aci’ng Features of an Object" are regions Qr subregions on particul ar

cross-secti’ons *t hat repr esent
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an upper or |ower extent of the object. Each cross-section is forned froma

conbi nati on of bounded 5 and unbounded regions. Bounded regions are
those that forma portion of the solid structure of an object (regardless
of » Whether the region is forned as a conpletely SCH%dlflﬁd Jg€ghon or as a
cross-hatched region). Unbounded regions are those 15" Fom an enpty or
hol | ow portion of an object. These concepts are 10 depicted in the
exanpl e of FIGURE 16a. FIGURE 16a depicts a top view ofggyspgmpl e
cross-sectiofp of an object. This sanple cross-

: FIG-3%a "

Fig-3b o
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section can be divided into three bounded regi ons and two unbounded
regions. Boundary 700 bounds region 705 boundary 710 bounds region 715,
and boundar'V"?Z‘B éﬁd‘%%‘-ﬁﬁhﬁdé“l’ St Y2845 15 Re@tbns B35 amd2 MMRTE
unbounded. .regions. Each of the bounded regions of a cross-section may be
di vi ded into subreglons whi ch are determ ned by rel ati onshi ps bet ween
bounded regions on a given cross-section and bounded aggd,phpupdes, regi ons

on the two adjacent (one higher and one |ower) 20 Cross-sections.
Up-facing regions of cross-section "i" are those 190/179
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bounded subregi ons of cross-section "i" that are underneath unbounded

subreglons of cross-section "i + 1". The down-facing subregions of

cross;secfion:"i" are the bounded subregions of cross- section "i" which

overlay unbounded subregi ons of cross- 25 section "ji ?ge :
in this

subregi ons may represent both up-facing and down- fa0|ﬁ§eF§a§u?§s
case the subregion is generally considered to be a down-faci ng subregion

since appropriate curing of down-facing features is generallx %?%Z critical
than curing .of up-facing features. This concept is depicted iﬁ exanpl e
of

/104‘
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30 = GURE'16'1')"""‘:56@"%1&1?@?%%-@{ ction "i" 750 is above cross- 26 '
ss?séc#Borpgys + 1" 760. FI GURE 16b' is

section "i - 1" 755 and is bel ow crt
a repeat of FIGURE 16b but with cross-section "i" 750 di vPetd? 1 g0 8144 puse
subregi ons. The up-facing bounded subregi ons of cross-section "i" are ' 'V

| abel ed as 761, 764 and—768——Fhe downr—
This Sheet Has Been Replaced Sheet 6 of 20
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5 faci ng bounded subregi ons of cross-section "i" are 761, 762, and 769.

The bounded subregi ans_t hat

765, .and 767.
766 and 770.
down- f aci g a
f eat ure. |
Ccross-section
(e.g., the bo

N

are _neither up-facing nor down- facing are 763,

The unbounded regi ons of cross- section "i" are subregions

t can bdhigghee ¥gion 761 is both up-facing and
nd--thus it ; ' eneral ly be processed as a down-facing
A CroSs- 96 ‘il above a conpherreldy afnlBéunded

then all of cross-section "j" is a down-facing feature
[tom of the part). If a cross-section

i" is bel8@/n79
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conpl et el y unbounded—-eross=sectioOmn, cross-section "j" is an up- 15
facing feature (e.g.. &beulQReephdd@ part). Qther definitions can be

obt ai,ned as needed l~§-r (g di scl osure and the manual s attached as
Appendi cés B and C tl. %MeAppl i cation SN 07/ 429, 435, incorporated
herei n by rlef erence.} ISl B Speci ficati onsg ogeg ge SLAhar dvvafgq”lt7I§e
20 .resin and | aser types, and the generally preferred paraneters wth
respect to fthe stereolithographic processes described and inproved upon
herein are jset forth in thpse Apgewdi ces.
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Preferred Methods of Cbtaining Inproved Structural Integrity 25

Sever a

over al |

pr ef

hor i

erred enbodi nents of this invention relate to nethods of

obt ai ni,ng inproved structural |niegr|ty, | ower post cure distortion, |ower

di stortion (
just the up-
exanpl e, thg

......

......

zontal distortion, d in many cases overdll | ower vertlcal
Q_g,_yggtlcal_cunl) y effectively providiing skin on nore than
and down- 30 facing surfaces of the part being fornmed. For
27 Sheet 9 of 20
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effect of providing skin at only the up- and down-facing surfaces, and
supplying cross hatch in x-z (X hatch) and y-z (Y hatch) planes, is to
creat.e an-internal structure consisting essentially of relatively |ong
colums of (substantially 5 urftransformed material itrapped by at |east
partial ly tiransformed crosshatch and boundary nmaterial on the sides and ,
skin on thg up- facing and down-facing surfaces. Acc%h%e'lgll(}'_’ o Egak in any !

—ee—————
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portion of the down-facing or up-facing skin or cross hatch would have the
potential to cause distortion and unwanted drai nage of 10 unt r ansf or ned
buil di,ng raterial. However, if skinis provided in the x-y (horizontal)

pl ane, at npre than the up- and down-faci ng surfaces, Lt hen t he conpartnents
of untransfprnmed material trapped by cross-hatch, boundary, and skin would

be mich “siE[TEr and Detter-cont al ned. O her advanfagesS emanating from
provi di ng 1p addi ti onal skinned surfaces within the internal structure

of the partjcan include inproved structural integrity, |less distortion
Sheet 11 of 20
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during for
di stortion

post-gurin
avol ded. "’
appr oaches
utilize ex
the fill i
enbodi nent

h

o

mati on, reduced post-curing times, and reduced post- cure

. Additionally, surface finishing can be perforned before

g, and in sone circunstances, post 20 curing can be conpletely
There are various preferred enbodi nents that enploy different

in obtaining this additional

fill.

A first group of enbodinents

5 generated 25

5 may or
CRoss - £___
Seerte~ns £

posUres anal ogous to traditional skin filling teghni ques d i hat

by a series of overlapping exposures. These
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may not enploy the use of what is traditionally known as cross- hatch and

fill in the sane region of a cross-section. In a first preferred enbodi nent
an object.is formed on a layer by layer basis initially by the exposure of
bU||d|ng 30} material to bounﬂary vectors on a crosk-section, followed by
28 |
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exposure of crosshatch vectors on the cross-section, and finally followed
by exposure of skin fill vectors on any up-facing and down-facing regions
on the cross-section. Additionally, on periodic or random (with a certain
probabi | i ty} of occurrence) 5 qross-sections even i ni non-down-faci ng and
in non-up-f@acing regions skin fijll vectors are providkd and exposed. For
exanpl e, atgéverY"IT?"Tnéh vertical interval through the part, which at 10
m | layers gcorresponds to every fifty layers, skin vectors_arg ge

that provide for skinning of the entire cross-seé&%ﬁ? 1¥8¢5§ 9°18671 %
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10 These
facing can
different:
di stinguis
advant ages
ot her vert
sel ective
one spacin

L

skin vectors are provided in a formin which areas that are down
be distinguished fromareas that are not down- facing so that
cure paraneters can he used if necessary. It is possible to

h other regions but ijt has been found unnehessary to do so. The
.of this.15 . _.approach have been previously described. O course

cal spacing of skin fill is possible incluggggtgggnggryo
spaci ng. That is sonme geonetric features may be better handl ed by
g of skins while 1907179
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others ' require a different spacing of skins. In this enbodi ment 20 t he
boundary vectors and crosshatch vectors that are used to achi eve adhesi on
bet wegn Iayers are generally giyven some overcure to insure adequate :
adhesi on’ However, the skin vectors that are used in non- downf aci ng regi ons !

cambe—grvema Ture deptihrthat ~TsTess Tham, equal to, of greater than tnhe
| ayer thickness. It has 25 general ly been found that a skin depth
greater than the |layer thickness causes excessive CWieanNdlg g efpore isn't

optimal. The skin vectors (conmbined with all other vector types) in/a down
190/179
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facing region are, on the other hand given, only a one |ayer thickness cure
depth. This enbodi nent can be conbined in all, or 30 in part, with the
uni fqr,m skin thickness nethods to be descri bed 29 herei nafter. This

met hod of bui l di ng can be substantially inplenmented by
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Sliciny the desired CAD object file, or the like, twice and then editing

and merging the resulting sli files together. The first 5 slice is done
with normal slicing paraneters. For exanple by using X and 60/120

crosSshaté¢h with a 50 mi| spacing -and using X skin fill witkhea 3B mf 20 190/179
spacing. The second slice is done wthout the use of skin fill but with

the use of closely spaced crosshatch (whic¢h WLl functign as skin fill) of
type and spacing 10 equi valent to the $kin spacing o;/the first slice.

For exanple, continuing with thej previous ex%m% e, the gecond slice would
be RaojaTioN

Vg
A4 &30

o]
(B

PesT CvrE
RAavixTie

Fléve e 1Sc

This Sheet Has Been Rep

Hllllﬂ illlll fil| Illl



done wi'th the sanme | ayer thickness but with only X type crosshatch spaced
at 3 mls. After creation of the second slice file, it is edited by hand or
by a prognan1that can go in and 15 renove the skinning cross-hatch
associate€d with the cross- sections not using fill in the non-down-facing
and non-up-facing regions. Next the two files are nerged together using
mergi ng options that keep all the vectors fromthe first slice and that
keep only the remaining X |layer crosshatch vectors fgomfhgg 20, 20second
slice (aII other vect or types are rennved |nclud|ng near -
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flat démn-facing crosshatch). These hatch and fill vectors are stil
di stingui shed by bl ock headers that indicate which nmerge object they cane
from,, Therefore the conmbined file can be built as a single object. 25

One must be sure to gi ve the proper exposure values to each vector type.
Therefore, the hatch vectors fromthe second slice object are given

associ at ed exposure val ues equivalent to skin fiEkbPrReEFI waqmr asdy eowi kb 262 743
produce an object substantially like that described above. However, there
are several differences

Sheet 20 of 20 190/179
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30 between this inplenmentation and that desired. First the regions 30
of down-facing features and up-facing features m ght be given a double
expgsyre ¢and therefore extra undesired cure depth) depending on whether
the crosshatch fromthe second slice of the object is still included in the

conbined file or not. Second,
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5 since the present Slice programdoesn't generally separate non- down
facing hatch from down-facing hatch (except in the near-flat regions),
there will, be an additional cure in the down-facing regions since the
cros§hatCh must be overcured sonmewhat to insure adhesion between
cross-sections. 10 FI GURES 14a and 14b depict a side view of an
object built according to the techniques of this first enbodi nent. FI GURE
1l4a represents a side view of the CAD designed object. The dotted regions
indicate solid regions. FIGURE 14b represents a side
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view O0f the object as built according this first preferred 15 enbodi nment
wherein every third layer is skinned to hel p increase the structural
integrity of the object. The regions |abeled with forward slashes, "/",

i ndi cat €d regions that are skinned because they are down-facing. The
regions | abeled with back slashes, "\", indicate regions that are skinned
because they are up- 20 facing. The regions that are |labeled with X' s

i ndicate regions that are to be skinned according to the teaching of the
present enbodi nent that woul d not otherw se be skinned. Layers 1, 4, 7,
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and 10-are to be ski nned accord| ng to this enbodiinentgg yLBl(‘E.M$ﬁQ’Oﬁg:L“ 5G
preferrei enbodi ment an obj ec built by 25 Q§69&thﬂﬂﬁndfﬁxppﬁ%?gnd‘@+
boundary tvect ors on.aach | ayen,THIS Q§B o oanea h@kémqﬂdp gﬁL o
vectors,on each portion of ea | ey

S ev

the fol | owi ng enbodi ments; this sécormye Mai: g r“g‘;'“ bé trl%?é@aé‘ﬁgﬁg

building with the use of vector data. The vector ‘3 §idcl; npP3B8eR to pigsd

as an inpl ementation of the IMPRO¥EDSETEREORETHE m and 31
T AR OF RECEPT. bl1[26.

" BACKGROUND OF THE INVENTION

‘This application is a Continuation-In-Part of U.S. Patent

Application SN 07/429,435.

Eield of the Invention

This invention relates to the field of stereolithography,
which is a technigque for making solid, three-dimensional objects
{(or Yparts™") from solidifiable materials (e.g. fluid or fluid-
like material such as photopolymers, sinterable powders, and
bindable powders).

In recent years, stereolithography systems, such as those
described in U.S. Pat. No. 4,575,330, issued March 11, 1986 and
entitled “Apparatus for Production of Three-Dimensional Objects
by Stereolithography,® have come into use. Basically,

stereolithography is a method for automatically building complex

three-dimensional parts by successively solidifying thin cross~
sectional layers. These layers may be composed of photopolymer
resin powdered materials, or the like. Some types of powder
materials are converted from a fluid-like medium to a cohesive
cross~Section by melting and solidification. The layers are
solidified on top of each other consecutively until all of the
thin layers are joined together to form a whole part.
Photocurahle polymers change from liquid to solid upon exposure

to synergistic stimulation. Many photopolymers exist whose

-
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ot her nethods of inplenentation could be used. Certain concepts of the
I nvention deal with anount of solidification on each cross-section and/or
the order of material solidification on each cross-section and/or the depth

of solidification of each region 5 on each cross-section. This second
enbodinent is simlar to the first desari bed enbodi nrent except that now
skin-fill is supplied

photospeed (rate of transformation from liquid to solid) upon
irradiation with ultraviolet light {UV) is fast enough to make
them practical model building materialst In a preferred systenm,
a radiation source (e.g., an ultraviolet laser) generates a beam
which is focused to a small intense spot which is moved across

" the liquid photopolymer surface by galvanometer or servo type
mirror x-y scanners. The Scanners are §riven by computer
generated vectors or the like. The material that is not
polymerized when a part is made is still functionable and remains
in the vat for use as successive parts are made. With this
technology, the parts are literally grown from a vat of fluid-
like material (e.g. resin or powder)}. Specifically, the parts
are grown from a thin layer near a surface of the vat of fluig-
like material. 1In this manner precise complex three dimensional
patterns can be rapidly produced. This method of fabrication is
extremely powerful for quickly reducing design ideas to physical
form for making prototypes.

This technology typically utilizes a stereolithography
apparatus, referred to as an "SLA," which generally includes a
laser and scanner, a photopolymer vat, an elevator, and a
controlling computer. The SLA is programmed to automatically
make a fhree—dimensional part by forming it as a sequence of
built-up cross-sectional layers.

Stereolithography represents an unprecedented way to gquickly
make complex or s;mple parts without tooling. Since this
technology depends on using a computer to generate its cross-
sectional patterns, there is a natural data link to computer
aided design and manufacture (CAD/CAM). However, such systems
have presented challenges relating to structural stress, shrink-

age, curl and other distortions, as well as resolution, speed,
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on every region of every cross-section not just with down-facing features,
up-facing features, and with periodic cross-sections. This second

enbodi ment therefore results in green parts that have 10 little or no
substantially untransfornmed material trapp —totheir boundari es.
There will be no substantially untransfgr gﬂﬁi?§%§} g§¢t§N13 effective skin
depth thickness is equal to or greater th | hess. There w ||
be to a greetwracy andsdiffbxtldriessbneprodisinmestiain,abjests isbaped- 15

material if the effective skin cure depth is |less than the |ayer
Related Patents and Applications

The following U.S. patents and U.S. Patent applications are

incorporated by reference into this disclosure as though fully
set forth herein:
- 4,575,330
07/429,435
07/331,664
07/269,801
07/182,830
/415,134
07/339,246

07/182,801

07/183,015
07/183,012

07/268,429

07/429,911

07/415/168

— 07/265,039

a
rhis Sheet Has Been Replace 07/249,399

J\ \ 1\ \ ! \“\\‘ \ \ ch/Uss9/04696

L&L Docket 186/173 filed 10/30/89,
Inventors: Lewis, et al;
Entitled: Improved Systems For Post
Processing Objects Formed In A
Stereolithography Apparatus.
The instant application is a continuation-in-part of U.S.
Patent Application Serial No. 07/429,435, which in turn is a
continuation-in-part of U.S. Patent Application Serial Number
07/331,664, which is in turn a continuation-in-part of U.S.
Patent Application Serial No. 07/269,801, which is in turn a

continuation-in-part U.S. Patent Application Serial No.



thi ckness. As with the previous enbodinent, it is desired to get sonme net
overcure between regions of a cross-section that overlap wth regions of
t he previous cross-section to insure adequate adhesion, but it is desired
in down-facing regions that the net 20 cure depth be uniformand be of
only a one layer thickness cure depth. Bt has been found that with

cross- sect PHYE AR P URBrah (R ARRPLRRRoh R T, B IR D
y trahsfornme t vertic cdr can and
general |y degérediRomedRhihCodtiturebls tthal phosdROIn¥enel & OF .80 goes down
Patent Application Serial No. 07/331,664 describes in great
detail the presently preferred stereolithographic apparatus, as
well as various methods to form parés therewith. This
application is incorporéted herein by reference, including its
appendices, as though fully set forth.herein to facilitate
handling due to its relatively lengthy disclosure. Two reference
manuals, The SLA-250 User Reference Manual and The SLA-500
Reference Manual are hereby incorporated into this disclosure by
reference as though fully set forth herein and accompanied U.S.
Patent Application Serial Number 429,435 as Appendices B and C
respectively.

U.S. Patent 4,575,330 to Hull discusses stereolithography in
general. It teaches complete polymerization of each cross-
section in the formation of a stereolithographically-formed
object.

U.S. Patent Application Serial No. 07/415,134 describes off-
absorption-peak wavelength post curing of parts which were formed
based on the primary approach to building stereolithographic
parts..

U.S. Patent Application Serial No. 07/339,246 describes
several methods of reducing curl distortion.

U.S. Patent Application Serial Number 05/182,801 describes
the use of web supports to support and minimize curl in a part
being formed.

U.S. Patent Application Serial No. 07/183,015 describes the
use of "smalleys" to minirize curl.

U.S. Patent Application Serial No. 07/429,911 describes the

use of multiple penetration depths in the stereolithographic
T
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25 significantly. It is known that the amount of curl (both horizontal
and vertical) can vary trenendously dependi ng on the anmount of overcure
bet ween | ayers; the amount of overcure between adjacent |ines on the sane
cross-section; the extent of the area over which the overcure takes pl ace;
the thickness of the layers; 30 and the order of intercross-sectiona

SOI|dlflCeuﬁéggegg’mgiéngswfgi the use of beam profile characteristics in

combination with resin parameters to predict various cure
parameters associated with the creation of stereolithographic
parts. This application also describes the role of beam profile
information in the creation of skin £ill and discusses various
multiple wavelength curing methods for reducing part distortion.

U.S. Patent Application Serial Wos. 07/415,168, 07/268,429,
and 07/183,102 disclose various methods of finishing a
stereolithographic part surface to smooth out discontinuities in
a post~-processing step. .

U.S. Patent Application Serial Nos. 07/265,039 and
07/249,399 which together form the basis of PCT Appiication
Serial No. PCT/US895/04096 disclose the use of a doctor blade for
obtaining a uniform coating of resin of known thickness over each
cross~section of a stereolithographic part as well as a system
for maintaining a known surface level of the building material as
the part is being built.

U.S. Patent Application Serial No. 07/___,_ (Lyon & Lyon
Docket No. 1867173, filed October 30, 1989, and entitled,
"Improved System of Post-Processing of Parts by
Stereolithography," discusses post-processing techniques,

In the normal practice of stereoclithography, objects or
"parts" are built on a layer-by-layer basis, where each layer
repéesents a thin cross-section of the part to be formed.
Initial approaches to stereolithographic part building were based
on the complete filling (e.g. substantial polymerization of all
regions of a cross-section to a thickness at least as deep as the
layer thickness) of layers. This filling was either done by the
scanning of a pencil of light, by a focusable (defocusable)

pencil of light, or by'flood exposure of an appropriate cross-

r_____.
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the order of intracross-sectional solidification. If parts are to be built
that contain few unsupported critical features, or in which the unsupported
features can be supported by Wbs, the direct application of this
enbodi nent can | ead to substantial 5 i mprovenents in part accuracy. |If
the part to be built does contain criti&al regions that cannot be well
support ed té¢smtiondlfimage onTHeopbheckl enthdiighte mipperanchesthelqrflyl usedr educi ng
the VertiCaio;;iggL"fgz{fké“§¥‘%22Lgfgections based &n the scanning'of
adjacent overlapping vectors until the entire cross-sectional
pattern was cured. These initial approaches suffered from
several drawbacks, including distortion, curl, inaccurate sizing,
lack of structural integrity, and lack of uniformity in down-
facing surface appearance.
Later stereolithographic teéﬁniques used an internal lattice
of partially cured building material ("cross-hatch® or *hatch")
in place of completely filling the successive cross-sections.
The internal structures primarily consisted of cross-hatch
separated by untransformed building material (e.g. liquid
photopolymer or the like). In this approach, the outer and inner
edges of each layer are solidified by scanning of what are called
"houndary vectors" (also termed, 'boundaries"™ or Y“border vectors"
or “borders"). These vectors separate the interior solid regions
qg a cross-section from exterior untransformed building material.
é;oss—sections or portions of cross-sections that bound external
regions of the part are completely filled with skin £fill (termed
"£ill" or "skin") after being cross-hatched. The hatch insured
adequate support for the "skin" as it is being created, thereby
rininizing distortion.
The skin, crosshatch, and borders trap untransformed
building material (e.g. liquid photopolymer) internally in the
part structure and hold it in place while the part is being
created. The trapped untransformed building mate;ial (e.qg.
ligquid photopolymer) and at least partially transformed building
material (e.g. at least partially cured polymer} which forms the

boundaries, hatch, and skin are brought to full transformation

(e.g. polymerization) in a later process known as "post curing".
_ T
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t hat may result._TQ&@gk@adhfications m ght include the use of 10 t he

= ﬁi nt (or "continuous skinning" or "skintinuous")
on only the FRAL RN re -or can begrdegeatglsysggMpported and conti nui ng
to use the stijg ng net hodg of begmoarpes, W dely spaced
crosshatch, down-facing feature skinmmg rourtmesTamd up-facing feature
skinning-routines on the 15 ot her regions of the part. "Strongarnt

bui | di ng t Behridfiiddonal befammatdonyen pastequringh&ee HeBerPat&itons of the

art. The resulJt of this nodifi ' '
P Application Serial No._%q/EEELEEEhd¥§%gé£dP%O§%RgtgggéiQULxmﬁncreased

process.

Fairly extensive post-curing can be required when the
internal cross-hatch lattice only defines discrete x-z and y-z,
planes, or the like, which are separated from eaéh other by more
than the width cured by a beam, as in such cases long vertical
corridors of unpolymerized material remain substantially uncured
until post-processing. It is an object of the invention to
provide a method of reducing or eliminating post-processing time
and associated distortions while increasing structural integrity
of the stereolithographically formed part.

Stereolithographic building techniques have upon occasion
resulted in down-facing features having a "wafflish" appearance
and texture. This appearance and texture are due to
inappropriate curing techniques being used on regions of layers
that contain down-facing features. When down-facing features are
given both hatch and skin £ill, there can be overexposure of the
regions where the hatch and fill coincide. Similarly,
overexposure can occur at the points of intersection of cross-
hatch vectors. In the past, it has been possible to ignore the
requirement of uniform cure depth for down-facing features, since
other accuracy—related errors overshadowed this effect. However,
as the stereolithography art strives for and attains incfeasingly
higher levels of accuracy, imperfections such as these can no
longer be overlooked. It is an object of the invention to
correct these imperfections in combination with improved building
techniques.

It is alsc an object of the invention to obtain accurate

skin thicknesses without th




hori zontal accuracy in the supported regions with no sacrifice in vertical
accuracy in the unsupported regions. 20 O her nodifications, to
avoi d increased verti cal distortion.i1qmmﬂggggﬁhk§ Smal | eys, descri bed
in copending U S. patent application {183, 0Xgp; A 5 f Miultipass draw ng
techni ques, described in copending U Sg | I ons 182, 823 and

339, 246; the use of Rivet t&gg Iager tg quer adhesi on, 25 t echni ques,
descri bed BRTESpRRAI Vthout thgt aegd fHPrLnd cancerned doith, §9e59Y 246: the

use of "strangatfiliesol Oh WL veYpean profile). Traditionally, the

methods used to estimate skin depth were only guesses that had a
remote connection to actual experimental data or theoretical
expectations. The actual skin thicknesses obtained by these
traditional -approaches were strongly dependent upon beam profile
characteristics, skin vector spacing, drawing speed, and resin
characteristics. However, these parameters were not coordinated
to yield a particular skin thickness. For example, skin
thicknesses intended to be 20 mils could easily range from 15 to
25 mils. 1In the past, this type of thickness range has been
tolerated, but as the art of stereolithography advances, there is
an increasing need for more accurate and less cumbersome methods
of predicting the required exposure to obtain a desired skin

thickness.

BUMMARY OF THE INVENTION

To these ends, a stereolithographic method comprises the
steps of constructing stacked layers to form an object having
external boundaries, internal cross hatch, and skinned up- and
down-facing features. Skin £ill is provided in less than all
regions of the stacked layers, but in association with more than
the up- and down-facing features of the cbject.

To these ends, all croés-sectional layers may be provided
with skin £ill and crosshatch.

According to another aspect of the invention, a method
provides all cross-sectional layers with boundaries and
unidirectional fill or multidirectional £ill and no cross hatch.

According to another aspect of the invention, a method

provides boundaries appropriate to each cross-section and

“This Sheet Has Boen Replaced
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"quilting"”; as well as other techniques to be described hereinafter; and
simlar techniques; and conbinations thereof. As with the previously

descri bed first enbodi ment nethod of 30 bui l di ng, this method of
bui l di ng can be substantially 33 i npl emented by Slicing the desired CAD

object file, or the like, g

provides cross-sections with at least two types of non-parallel

- hatch vectors wherein effective adhesion (that capable of
transmitting significant curl) only occurs at the overlapping
points between the vectors of the two hatch types. Additionally
the hatch vectors of each type are spaced as close together as
possible without being spag?d 50 close that they can induce curl
into adjacent vectors or have curl induced in them by adjacent
vectors.

According to another aspect of the invention, a method
comprises the steps of providing boundaries appropriate to each
cross-section and providing cross-sections with at least two
types of non-parallel hatch vectors that are offset from their
corresponding types on the previous layer wherein effective
adhesion between cross-sections (that capable of transmitting
significant curl) only occurs near the overlapping points between
the vectors of the two hatch types of the present layer.
Additionally, the hatch vectors of each type are spaced as close
together as possible without being spaced so close that they can
induce curl into or have curl induced in them by adjacent vectors
or transmit curl from one vector to another vector.

According to another aspect of the invention, each region of
a cross-section that is internal to the object (i.e. not forming
a down-facing or up-facing region), is.cured in the form of point
.exposures, "bullets". The point exposures on successive layers
are offset one from another, ané the bullets are cured to
approximately a depth of one layer thickness. The spacing of the
point exposures on a single layer are as close together as is
reasonable without the material cured in association with each

bullet affecting the material cured in association with adjacent

bullets. In this approach the up~facing and down-facing features

T}us Sheet Has.Been Jaced
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twice and then nerging the files together. The first slice is done with

relatively normal slicing paraneters, except no skin fill is used. One
exanple is by using X and 60/120 crosshatch 5 wth a 50 nil| spacing.
The second slice is done, again, wi thout the use of skin fill but with the

use of closely spaced crosshatch of twme and spacing equivalent to that

oo S BB B ehBhed 7\ P 4k cRaaly ) 2yer. For e e

X type CrOSSha%%Qo§§§ﬁ€dt@Iyé¥'Ehbthef“ééyécﬁrgﬁiﬂﬁﬂ1iﬁ%ehb?on, each
region of a cross-section that is internal to the object (i.e.
not forming a down-facing or up-facing region), is cured in the
form of point exposures, "bullets", wherein the bullets are cured
to a depth substantially equal to two layer thicknesses, and
wherein bullets on successive layers are offset one from another.
The positioning pattefn is repeated every other layer, and the
spacing of the bullets on each cross-section is such that their
cured separation is greater than zero but less than their cure
width one layer thickness below their upper surface. The bullets
cured on the present layer substantially £ill in the gaps left in
the previous cross-section when it was formed. 1In this approach
the up-facing and down-facing features may be formed by a variety
of techniques.

According to another aspect of the invention, each region of

a cross-section that is internal to the object and exists on the
present cross-section as well as the N-1 succeeding cross-
sections, is cured in the form of point exposures, "bullets".
Each cross-section is divided into a pattern of slightly
overlapping bullets. These bullets are divided up into N groups
where the bullets associated with successive groups are used to
expose material in association with the successive cross-sections
beginning with the present cross-section. Each bullet is cured
to a-depth substantially equal to N layer thicknesses. In this
approach, regions of cross-sections within N-2 layers of a down-
facing feature are handled by modified techniques simi}ar to
those described above, and the up-facing and down-facing features
may be formed by a variety of techniques.

According to yet another aspect of the invention, at least
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second slice file, the two files are nmerged together using nerging options
that keep all the vectors fromthe fi | any skin fil
vectors that were used) and that keep d%ﬁ%sﬁﬁﬁf osSsHat ch (i ncl udi ng
near-flat down-facing cross- 15 hat ch) f (REELNE seeertd slice file (al

ot her vector types are renoved). The haich fromthe first slice and the
fill vectors fromthe second slice (actually hatch vectors fromslice 2)
are still dpstdndgdoshedféyimd deletheesienrs phavidediivddhe skinchiXiethetols ect

they are from Therefore the conbined file cap be built .
created by scanning in a first pass using nonconsecutive fill

vectors, followed by scanning in at least one additional pass
that completes the exposing process by filling in between the
originally drawn vectors.

In another aspect of the invention, regions of intersecting
vectors at least in down-facing surfaces are determined, and
exposure of one or more of the respective intersecting vectors at
these intersecting regions is reduced, such that at least the
down-facing features have a uniform exposure.

In another aspect of the invention, a region that contains a
combination of hatch and £ill vectors is created and cured to a
uniform depth. The creation of this region comprises the steps
of creating the desired hatch vectors, and then creating
corresponding skin f£ill types that do not contribute to
additional exposure of the regions of their corresponding hatch
vectors.

In another aspect of the invention, an improved
stereolithographic method comprises determining necessary
exposure and vector spacing and scanning parameters in order to
obtain a known thickness of skin fill.

In still another aspect of the invention, a
stereolithographic method comprises the steps of constructing
stacked layers to form an object having externél boundaries,
inteinal cross hatch, and skinned up- and down-facing features.
Specifically, this method comprises the steps of: (a) selecting
layers to be provided with skinned surfaces; (b) providing means
for calculating the amount of total exposure required to obtain
skin curing of a preselected depth at the layers selected to have

skinned surfaces; (c) providing means for determining the number
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20 as a single object being sure to give the proper exposure values to
each vector type. Therefore the hatch vectors fromthe second slice object
are given associ ated exposure. val ues equivalent to skin fill. This
procedure will produce an object substantially like that described above as
the preferred nethod of this 25 enbddi nent. However, there is a

di ff erenceppefyagiyst bhiti WPl LB LabboOIhqRdch NRefia nedeaaeLdassy, i hgd above.
Since the present Slice programdoesn't generally separate non- down faci ng
hat ch fromidpwirdwiding heand foxxaepleast paetiwkly fHransfeghims)(e.q.

polymerizing) the layers by exposing them first to boundary

vectors, then to hatch vectors, and then to skin vectors, each

vector providing an exposure sufficient to cure to the

preselected depth calculated in step (b}, divided by the number

of other vectors that will intersect the vector at a given region

as determined in step (c¢).

According to other aspects of the invention, these
improvements are used in combination wiéh one another and/or in
combination witn'curl reduction techniques as described in: U.S.
Patent Application Serial No. 07/339,246; U.S. Patent Applicaiion
Serial No. 07/183,015; U.S. Patent Application Serial No.
07/182,801, and the other applications cited previously all of
which are fully incorporated herein by reference. For example,
according to yet another aspeét of the invention, an improved
stereolithographic method is disclosed comprising the combined
use of hatch with nonconsecutive skin £ill in more than the up-
and down- facing features. As another example, an improved
stereoclithographic method is disclosed comprising the method of
reducing exposure where vectors intersect and providing
discontinuities in skin f£ill to avoid multiple vector exposure in
regions where hatch vectors have been provided.

Other aspects of the invention, together with objects and
attendant advantages of the various embodiments, will best be
understood from an examination of the drawings along with the

detailed description below.
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there will probably be an additi.onal cure in the down-facing 30 regi ons
since the crosshatch may need to be sonmewhat overcured to 34 I nsure
adhesi on between cross-sections. Wth the second enbodi nent and the first
enbodi nent as well as wi th enbodi nents described hereinafter, there are
many way to 13

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURES la-1d collectively show a top view of a layer
showing boundaries, hatch and skin without compensation for
multiple exposures of building material at the various regions of
the cross-section. FIGURES 1la-1d represent respectively: a) .
boundaries only: b} crosshatch only; c) skin only: and 4)
combined vectors.

FIGURES 2a-2d collectively show a side view of FIGURE 1d as
intersected by various vertical planes. FIGURES 2a-2d represent,
respectively: a) repeat of FIGURE 1d with vertical planes; b) a
view of the edge of the layer along plane 1 showing the various
depths obtained in different regions; ¢) a view of the edge of
the layer along plane 2 showing the various depths obtained in
different regions; ané d) a view of the edge of the layer along
plane 3 showing the various depths obtained in different regions.

FIGURES 3a-3e collectively illustrate a top view of a
layer showing boundaries, hatch and skin as created by a
presently preferred technique. FIGURES 3a-3e represent
respectively: a) boundaries only; b) crosshatch only; c¢) skin
type 1; d) skin type 2; and e) combined vectors.

FIGURES 4a-4d collectively show a side view of FIGURE
3e as intersected by three different vertical planes. FIGURES
4a-4d represent, respectively: a) repeat of FIGURE 3e with
vertical planes; b) a viéw of the edge of the layer along plane
1 showing the various depths obtained in different regions; c) a
view of the edge of the layer along plane 2 showing the various
depths obtained in different regions; and d) a view of the edge
of the layer along plane 3 showing the various depths obtained in

different regions,
\_
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use the existing comercial software or to nodify the outputs 5 fromthe
present conmercial software to at |east partially inplenent the various
enbodi ments. The inplenmentations herein are only neant to be exanpl es of
such techniques. In a third preferred enbodi nent each cross-section is
supplied with boundaries and skin fill ctors only (this 10 enbodi nent
does not utilize crosshatch. In this th ?rd enbodi rent the boupdaries may

be cured to an Eiﬁmﬁ)@ G@St Abellidistrate Hbe &iefl}?ﬁ’ &BsSuBfd great er than

the | r
ayel J“thge? é&esponﬁxng to the cure produced by a single vector,

FIGURES 6a-6d show down-facing surface profiles of parts
made in accordance with Example II below.

FIGURES 7a-7c show a comparison between traditional vector
ordering technigues and examples of various vector ordering
techniques of some of the greferred embodiments of the present
invention. FIGURE 7a depicts a top view of a cross-section of an
object showing a consecutive drawing order for the vectors.
FIGURE 7b depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in two passes.
FIGURE 7c depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in three passes.

FIGURES 8a-8i collectively illustrate the vectors used and
cure depths cobtained, for a sample cross~-section, by utilizing
the “weave" building embodiment. FIGURES 8a, 8c, and 8e
respectively represent top views of boundary vectors, X hatch
vectors, and Y hatch vectors. FIGURES 8b, 84, and 8f depict side
views of the material cured in association with FIGURES 8a, 8c,
and 8e respectively. FIGURE 8g represents a top view of the
combination of material cured by the individual vector types of
FIGURES 8a, 8c, and 8f. FIGURE 8H and.SI represent side view of
the cure depths associated with two different vertical planes
intersection the cross-section of FIGURE 8g.

FIGURES 9a and Sb collectively show a side view indicating
the difference between stacking one direction of crosshatch on
top of each other from layer to layer and staggering the hatch
from layer to layer. FIGURE 9a depicts a side view of hatch
being stacked on top of each other from layer to layer. FIGURE

gb depicts a side view of hatch being staggered from layer to
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whet her they are to be used to obtain adhesion with the previous
cross-section or whether they are to be used to forma down- 15 facing
feature. As with the previous enbodi nent the skin vectors in

non- down-facing regions nmay be cured to a depth | ess than, equal to, or
greater than the layer thickness. It hig been found that if skin vectors
are cured layam effective depth greater“than the | ayer thickness, by usual

curing techniques, vertical curl 20. w |l be greater. Therefore if it
is desired to BRGURERe1ORrh0G@aldestivelyushoy thepaenfigpratihn Qébl eto

utilize a gufwgtégcured in association with practicing the seventh
embodiment of the present invention. FIGURE 10a depicts a top
view of the bouﬁdary and bullets cured on a first cross-section.
FIGURE 10b depicts a top view of the boundary and bullets cured
on a second cross-section. Comparison of FIGURES 10a and 10b
indicate that the bullets are staggered from the first to the
second layer. FIGURE 10c depicts a side view of the boundaries
and bullets of five cross sections stacked one on top of the
other.

FIGURE 11 illustrates a side view of the overlapping nature
of the bullets formed in practicing the eighth embodiment of the
present invention.

FIGURE 12 depicts the three-dimensional object used in
Example 1 to test the improvements of "skintinuous" building.

FIGURE 13 depicts a top view of the uppermost cross-section
of the part of FIGURE 12, along with indications as to what
measurements were made on the part; and

FIGURES 1l4a and 14b collectively depict a side view of a CAD
designed object and the object as reproduced according to the
teaching of the first preferred embodiment of the present
invention. FIGURE 14a depicts the CAD designed object, and
FIGURE 14b depicts the reproduction.

FIGURES 15a, 15b, and 15c collectively depict the part used
in the experiment of Example VI. FIGURE 152 5epicts a three- |
dimensional view of the part. FIGURE 15b depicts a top view of .
the part. FIGURE 15c depicts an exaggerated top view of the

- distortion of the part after post curing.

FIGURES 16a, 16b, and 16b' collectively depict sample cross-
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met hod that will help to reduce curl, such as nultipass. Miultipass is a

nmet hod of solidifying material in at least a two step process, wherein a
first exposure of material to the 25 synergistic stinulation leads to a
depth of cure less than the |ayer thickness and the second pass (or higher
order pass) results in a net cure dept¥ that insures adhesion. Miltipass is

an ef f ect ise@t¥8is Bt 3 6HjRatC st -thANpasklidel opal i SPIRRGSARAY - g3l hy pass

scanning is described in Copendi ng patent application 30 429, 911

r egar di ng aindedosre-fdcimg tfeptaraa vl engobjectupndgtiéarelationship of
such features to subregions of each cross-section. FIGURE 16a
depicts a top view of the bounded and unbounded regions of a
single sample cross-section. FIGURE 16b depicts a side view of
three sample cross-sections of an object. FIGURE 16b' depicts a
side view of the subregions of the middle.cross-section.

FIGURES 17a-g illustrate various patterns and shapes for

tiling and the weak bending axes, if any, associated with each
pattern/shape combination. |

—

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The instant invention addresses alone or in combination four
improvements in stereolithographic methods: Th;se are, first:
methods of increasing structural integrity while reducing the
need for post-curing; second: methods of obtaining uniform
exposure in regions of intersecting vectors of different types;
third: methods of determining cure depth; and fourth: methods
intended to reduce distortion due to shrinkage, curl, and post
cure. Although these three aspects of the invention are closely
inter-related and are often cross-dependent, they will be
addressed in sequence in this detailed description, and will also

be illustrated in the examples below.

pefinitions -

"Beam profiles" represent the energy distribution of
irradiation in a beam of ultravioclet light or thetlike, used to
cure photopolymer or other cufable material in accordance with
stereolithography practices.

"Building materials" are materials that can be used in the

present invention for forming three-dimensional parts. The
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35 ~mul tiscanning process. A short penetration depth exposure is given on
the first one or nore passes to insure that substantial transformation of
bui l ding material occurs prior to one or nore additional exposures using

| ong penetration depths that are used 5 to obtain and insure adequate
adhesi on between cross-sections. 17

acceptable building materials are materials that can transform
from one state to another state in response to exposﬁre to
synergistic stimulation. The two states are then separable aftér
exposure of a single layer to synergistic stimulation or
separable after completion of a plurality of layers. The most
preferred materials.are materials that transform from a fluid-
like state to a cohesive state or solid state. These materials
include liquid photopolymers, sinterab}e powders, bindable
powders or the like. Prior to exposure to appropriate
synergistic stimulation (e.g. IR radiation from a Carbon Dioxide
laser or the like) the sinterable powders are in a fluid-like
state since the powder particles can flow past one another
whereas after sintering the powder particles are joined to form a
cohesive mass. Similarly the bindable powders are in a fluid-
like state prior to exposure to appropriate synergistic
stimulation (e.g. a chemical binder dispensed into the powder in
a selective and controlled manner) whereas after exposure the
binder sets and the powder (and binder) form a cchesive mass.

The most preferred of the above materials for the present
invention are the photopolymer type materials. Other acceptable
materials include relatively solid sheets of material that are
transformable from one state to another. These sheet like
materials include "dry film" type photopolymer materials that can
be solidified upon exposure éo appropriate synergistic
stimulation wherein after exposure the exposed and unexposed
materials can be separated by differential solubility in an
appropriate solvent.

"ggl;g§§“_are’?oluﬁes of a building material which are

solidified in response to a beam of synergistic stimulation

exposing the material in substantially single non-overlapping
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An additional problemthat m ght occur with this third enbodi nent is that
of excessive horizontal curl. In the previous enbodi nents horizontal curl
was kept to a mninmum by the exposing of cross-hatch prior to the exposing
of skin, wherein the cross- 10 hat ch woul d act as a stabilizing frane
upon which skin could be forned. Sincel8his third enbodi nent doesn't
contain cross-hatch it may be necessary to utilize a horizontal curl

reducti on tpednti fxmeaddatdonSuchThe otswiadushapen off utiee tdiredsBabérimindsnsecut i ve

vector similar to that of a bullet. FIGURE 5b depicts a cross-sectional
view a line or vector of material cured by a beam of radiation.
It can equally well be interpreted as depicting a two dimensional
view of a bullet, wherein the three~dimensional bullet would be
the volume of revolution formed by rotating the object about a

vertical axis through its center.

wEffective Cure Width" (FCW) is a distance equal to twice
the closest possible spacing of two vectors from one another
that will render a.given individual cure depth (i.e., a cure
depth associated with each vector) without measurably increasing
the cure depth of the combination. . For the preferred beam
profiles and cures, the Effective Cure Width (ECW) is always less
than the Maximum Curé Width (MCW) (i.e., the width of the
solidified string at the building material surface), such that
different lines of solidified material can be adhered without an
increase in cure depth. For example, in FIGURE 5b, the
horizontal separation betweeh lines 118 and 120 might represent
the ECW for string 100. Typically, one half the ECW represents
the closest point that a similar line of material can approach
string 100 without measurably increasing its maximum cure depth.
More generally, the ECW is a zone that surrounds the center line
of a string, such as string 100, that represents the closest
position that another string (of arbitrary thickness and
direction) of solidified material or set of strings of material
can approach the first string without resulting in the maximum
cure thickness of the combination being measurably greater than
the maximum thickness of either string. As two non-parallel

vectors approach an intersection point, the excess exposure
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15 drawi ng, the use of non-overlapping fill vectors (e.g. "weave" which
Is the topic of enbodinents to be described later), and the filling of
non- consecutively drawn vectors by internediate vectors (in many respects
this is a horizontal version of the multipass techni que described above).
The non-consecutive 20 ordering of vectors refers to a techni que of
supplying fill or hatch vectors with alParticul ar spacing and then exposing
t he vect or poiinta *EER'O(theupoimt retnmbich [thet cambinatian ¢LEY emuskehogr aphy
fill vectors are cured in a consecutive order.
- measurable increase in cure depth) is determined by the bean

profile and angle of approach of the two vectors. If the vectors

are perpendicular the excess exposure point is the 1/2 the ECW.

If the vectors approach each other at a 45 degree angle the

excess exposure point is at 1/2 x 1.414 x ECW. An approximate

relationship between ECW, the angle of approach, and the EEP is

EEP = (1/2) x ECW / SIN(A),

where A is the angle between the vectors. A more accurate

relationship can be derived from information regarding the beam

profile, the depth of cure, .the building material response

characteristics, and the intersection direction of the vectors.

"Tavers" are the incremental thicknesses between successive.
cross~-sections into which an object is divided. These layers
form the basis for the thicknesses of building material (e.qg.
photopolymer). They must receive sufficient exposure to
synergistic stimulation (e.g. ultraviolet light or other
polymerizing radiation) to transform from their fluid-like state
into a cohesive structure. The layers are constructed to adhere
to one anéfher and collectively form a solidified (e.qg.
polymerized or partially polymerized) stereolithographically
produced part.

"Maximum Cure Depth {MCD}" and "Maximum Cure Width (MCW)"
refer, respectively, to the deepest and widest cure that is
obtained when exposing a single line or bullet of uncured
building material to synergistic stimulation. The maximum cure
depth is generally what is referred to as the cure depth of
boundary and hatch lines. Since the beam of light is not

generally of constant intensity across its width, the cure depth

and width caused by this beam tracing across a line one or more
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An exanple illustrating the differences between consecutive 25 ordering
and non-consecutive ordering is depicted in FIGURE 7. FIGURE 7a illustrates
a cross-section of boundary 200 and containing unidirectional fill vectors
201 to 209. In traditional stereolithgﬁ{aphy the order of drawing is from
vector 201 to vector 209. The directi of scanning each of these 30

vectors hag, JengLaL! Yo Sbdisea! B8 £ aBfBl Und*ly th¥MPLF L3S, The
maximum depth of cure generally occurs near the middle of a
cross~-section of the trace but it can actually occur anywhere
depending on the distribution of intensity in the beam. It may
also depend on the direction of scanning of the beam in forming
the trace. The maximum width of cure occurs at the top (surface)
of the cured line of material. .An example of the maximum depth
and width of cure are depicted in FIGURE 5a which shows a line
(sometimes called a string) of cure material 100. Vector 102
indicates the scanning direction used in creating the string of
material 100. Surface 104 represents the solidified material
that was created from the fluid-like material that forméd part of
the surface of the curable material. FIGURE 5b represents an
end-on view of string 100. Line 106 indicates the position of
the top of the cured string 100, while line 108 represents the
bottom of cured string. The vertical distance between 106 and
108 is the maximum cure depth of string 100. Line 112 represents
the left-most edge of string 100, while line 114 represents the
right-most edge of string 100. The horizontal separation between
112 and 114 is the maximum cure width of string 100. Such a
string 100 of solidified building material may be used for
several purposes: 1) to insure adhesion between the layer
associated with its creation and the precedingﬁlayer, 2) to form
a down-facing feature of a part being created, and 3) as an
element of a series of such strings of cured material, where the
series will be used for one of the above two purposes. An up-
facing feature is not included in the above since it can be fit
into one of the above categories depending on the sitﬁation; for
‘the first purpose listed above, maxi?um cure depth may

preferably be greater than the layer thickness. The vertical
st A

——
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bet ween vectors is mnimzed. The odd nunbered vectors have generally been
drawn fromleft to right and the even nunbered vectors have been drawn from

right to left. Therefore the entire fill egﬂsgﬁ m ni mal j unpi ng
bet ween the head of one 5 vector and th PLR %gﬁgﬁ gxt FI GURE 7b
illustrates a simlar cross-section buzlv

nonconseCLgép\égagigx\{\A !r)]gtxpereqlerlilng fééa %r;[dolﬂx ﬁ‘o reersents the layer

thickness in such a case. For the second purpose the MCD

represents the layer thickness, and for the third purpose the
vertical separation between line 106 and line 5}6 might represent
the layer thickness since the net thickness of the cured material
might increase from the segments overlapping each other.
"overlapping" refers to two or more exposures being given to
a region so that an incréase in maximum cure depth occurs. Since
cure profiles are not necessarily step functions, two separately
exposed areas can touch and bind to one another without changing -
the maximum cure depth of either. When two lines are exposed
beside one another their maximum widths may overlap resulting in
a larger exposure in this region, and a corresponding increase in
depth. But if this additional exposure does not occur in the
region near the maximum cure depth of the individual lines, their
combined maximum cure dep%h will not generally be measurably
deeper than their individual maxima. Overlapping. sometimes
refers to situations when two side by side exposures affect the
curing of each other whether or not they result in an increase in
the maximum cure depth of either one. The context in which the

term "overlapping® is used will generally make its meaning clear.

“Step Period" (SP) is a part-building parameter that defines_
the périod between each laser step.

"Step Size" (SS) is a part-building parameter that defines
the size of the step moved by the laser spot on the building
material surface.

"Vectors" are data that represent the length and direction
and length of irradiation exposure;in the process of solidifying

the building material in the preferred embodiment of the present
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hori zontal curl that m ght have a tendency to occur. The cross- section is
surrounded by boundary 220 and it is filled with 10 vectors 221 to 229.
The drawi ng order is from221 to 229, tl e eey@k\seEelher vector is

ski pped on a first pass of draw ng and tih t Regpigebor s ski pped on the
first pass are scanned on a second pas22i-Fa+s—tectmiqUE 1S especially
useful for imvention n(e.gur b sbaming bean sl gilkyvaviobdamaddavibet oren are 15
separated by a distance _so that the materjal ,cured by each vector

i ndi vi dual I aadEsphatapsiyeer: (&F afberaf Midstiker tplidifaable mediuns).

rSkin" vectors are horizontal surface vectors that are

typically traced from one boundary to an opposing boundary at
relatively high speed and with a substantial overlap between
successive vectors which are generally traced in opposite
directions, and typically form ¥“skin £illw® wﬁich defines at least
the upper and lower horizontal exterior surfaces of a
stereolithographically-formed part in traditional
stereclithography and in several of the preferred embodiments of
the present invention. Typically, skin vector spacing is from
about 1 to about 4 mils for a maximum cure width of a single
exposure being about 14 to 15 mils. Of course, these exemplary
and illustr;tive parameters can be varied as needed based upon
such considerations as the desired smoothness of the layers, the
power of the laser, the possible speed range of the irradiating
source (i.e., the maximum drawing speed), the layer thickness
desired, and the number of vectors that are desired to be stored.
According to certain aspects of this invention, however, skin
fill is provided in more than the exterior surfaces of the part.
According to other aspects of the invention, skin vectors can be
drawn non-consecutively and/or nonoverlapping (e.g., a first pass
at 7-8 mil intervals and a subsequent pass at intervening
intervals). These aspects and others are described in detail
below.

"Boundary" vectors are traced to define the vertical
exterior surfaces of the-stereolithographically-formed part
(therefore to define the range of each cross-section). These
vectors generaily are scanned more slowly than skin vectors such

that a greater cure depth is obtained. Boundaries, unlike skin

_—
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consecutively scanned vectors. Then on a second pass (or |later pass) the
gaps between the material exposed by the first pass are filled in by the
addi ti onal pass which scans vectors internediate 20 to those of the
first pass. |If the width of cure of each vector is relatively w de
conpared to spaci ng between vectors it23%may be necessary to skip nore than

j ust everyeqhhegeNeciPly ac&mo%xegp* %r bvEBYagiingeee2sat Yo kbrst pass to
cure one vector "and ski'p three vectors then curé another vector and skip

t he next tidgtadn?theirvecibDrcireadeptdn f ant situariohbewberonrkgians one nay--
then cure éixin layer overlap regions of the previously formed layer {(non-
down-facing regions), it is preferred that the cure depth exceed )
the layer thickness, so that improved adhesion between layers
results. In regions of down facing features, it is preferred
that net cure depth be substantially equal to the layer
thickness.

YHatch" vectors are similar to boundary vectors, except that
they are traced in a substantially uniform, criss-cross type
pattern, to define the internal lattice structure of the
stereolithographically-formed part. Again, it is preferred that
the cure depth exceed the layer thickness, if being drawn in a
non-down—-facing region, so that improved adhesion between layers
results. If being dr;wn in a down-facing region, then layer
thickness cure depth is preferred. In several preferred
embodiments of the present invention, adhesion between layers is
obtained by the extra cure depth that is obtained from the
intersections of two or more crosshatch vectors wherein the cure

depth of the individual hatch lines is insufficient to cause curl

inducingbggpesion between the layers.

Aot <

tSkintinuous” in general terms describes any building
technique which generates a substantially solid £ill pattern over
a substantial portion of the cross-sectional area of a part.

“Multipass" refers to a drawing technique which utilizes
more than oné pass to expose a region (e.g. a line) so that the
material is substantially reacted before direct adhesion with
surrounding structures takes place. The purpose of this method
is to minimize pulling forces between layers and therefore to

reduce curl. —
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I nternmedi ate vector of each set of 3 vectors not drawn on the first pass,
and then finally on a third pass the reraRi-dg-tnexpnosed vectors are

scanned.

This is illustrated in FIGURE'WﬁssﬁﬁﬁTﬁeaﬁﬁamy 240 is filled with

vectors 241 to 249 wherein the 30 s¢anni REFGABEP is 241 to 249. 37

24
vInterrupted Scan®™ or "Bricking" refers to scanning a vector

with recurring gaps to relieve transmitted stress. }-

uTiling" is an interrupted scanning technique that applies
to relatively wide regions as opposed to vectors (the wide
regions may be made up of vectors). This scanning results in
distinct shapes'which fit together very snugly but are not
adhered to each other. The intention of this method is to
maximize percentage of build process curing while reducing
transmitted stresses that generate curl.

“lLog Jam" refers to a scanning technique where some
internal hatch (or f£fill) vectors are retracted from the layer
borders to avoid adhesion, wherein after exposure of the hatch or
£ill an offset border or the like is scanned to attach the hatch
and originallborder.

ilting" refers to a drawing technique which first
partitions each layer into patches by scanning a relatively large
crosshatch structure. Each patch is then treated as an
individual region to be scanned. This method relieves problems
that can arise when drawing relatively large regions with
floating material techniques {e.g. log jam).

“Stén * refers to a scanning technique wherein a down-
facing ;;gion is given extra exposure to make it extra rigid
thereby increasing its ability to resist distortion caused by
adhesion with material from the next higher layer.

"Heave" generally refers to any drawing pattern which
generates a near solid fill pattern, wherein vectors on the first
pass {threads) are spaced slightly further apart than the maximum
cure width (McW) and have exposures that are less than that
necessary for adhesion (i.e. under cured). Adhesion is-ébtained

on a second pass or higher order pass by cumulative exposure
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If the skin vectors will only be given an effective cure depth | ess than or
equal to the layer thickness it will likely be necessary to supply
addi ti onal exposure in the formof point rivets, or the like, on the
portion of the present cross-section 5 t hat overl aps the previous
Ccross-section. The proper use of rivet2s will |ead to adequate adhesion

bet ween | ayers

with the degﬁ%‘F gea&eﬁﬁﬁsﬂﬁ%%ge gﬂégr%gg‘éﬁ%t Icqi%ﬁag?So &g plen}tjkr?e ﬁie
of hori zont gt SHEdct1BdUEbL PO Gl 5BHESInes called stitches.

*Interlace" is a particular type of "non-consecutive
scanning" wherein every other vector is scanned on a first pass
of a region and the other vectors are scanned on a second pass.

"Staggered" refers to a building method where different
drawing patterns are used on alternating layers. For example
staggered hatch refers to offsetting or shifting the hatch
vectors on every other layer so that the hatch vectors on
adjacent layers do not overlay each other. The intended purpose
of this method is to produce a more homogeneous structure and
possibly to reduce curl in some instances.

*Smalleys" refer to a building technique where holes or gaps
are placed at critical locations on a given cross-section
{generally implemented through the CAD design but they can be
implemented from a Slice type program onto individual cross-
sections). They reduce curling by interrupting the propagation
of stresses from one region of a layer to another region of the
layer.

sRiveting® or "stitching" refers to an exposure technigue
that applies different levels of exposure to a given layer,
wherein some of the exposures are less than that necessary for
adhesion and some of the exposures are sufficient to cause
adhesion thereby creating discrete locations of adhesion which
might resemble rivets.

"Webs” are support structures that are not a portion of a
desired final reproduction of a CAD designed object but they are
formed along with the object by the stereolithography apparatus
to give support to various features of the object and to allow

easy separation of the object from the building platform.
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10 As with the previously described nethods of building, this nethod
of building can be substantially inplenented by a user by Slicing the
desired CAD object file, or the like, a single tine. The part is sliced

wi th cross-hatch but wi thout skin vectors. The crosshatch vectors are
spaced with a separation typical for 1% skin fill. One or nore

crosshatch typeg,DBYeb8 | JoBRE PALS] PurdL o YR B Lac Qng.gan use bot h
X and Y hatch vf%%T‘a‘gﬁ%ééé%}TélTTﬂﬂfl%F#%S€£¥§“Fré$h6‘$anﬁ mum cure width
of cure fofeqionkNglesiBEsy RIMNOnOPLr1iRGULaE Efostddabtiondreraedbpreddidn the
an upper or lower extent of the object,
Each cross-section is formed from a combination of bounded
and unbounded regions. Bounded regions are those that form a
portion of the solid structure of an object (regardless of
whether the region is formed as a completely solidified region or
as a cross-hatched region). Unbounded regions are those that
form an empty or hollow portion of an obiect. These concepts are
depicted in the example of FIGURE 16a. FIGURE 16a depicts a top
view of a sample cross-section of an object., This sample cross-
section can be divided into three bounded regions and.two
unbounded regions. Boundary 700 bounds region 705, boundary 710
bounds region 715, and boundary 720 and 725 bounds region 730.
Regions 735 and 740 are unbounded regions.
Each of the bounded regions of a cross-section may be
divided into subregions, which are determined by relationships
between bounded regions on a given cross-section and bounded and
unbounded regions on the two adjacent (one higher and one lower)
cross-sections. Up-facing regions of cross-section "i" are those
bounded subregions of cross-section "i" that are underneath
unbounded subregions of cross-section "i + 1", The down-facing
subregions of cross-section "i" are the bounded subregions of
cross-section "i" which overlay unbounded subregions of cross-
section "i - 1". Some subregions may represent both up-facing
and down-facing features; in this case the subregion is generally
considered to be a down-facing subregion since appropriate curing
of down-facing features is generally more critical than curing of
up-facing features. This concept is depicted in the example of

FIGURE 16k and 16b'. Cross-section "i% 750 is above cross-

———
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spaci ng between vectors (e.g. 12 m| MW and one doesn't want 20
consecutively cured vectors to effect one another then a drawi ng pattern
simlar to that described for FIGJRE 7c can be used for each type of
crosshatch. This procedure will produce an object substantially |ike that
whi ch woul d be produced by the preferrl nethods of the third enbodi ment.

However , tgggéi&?'@. d flf.,er,ggc%g‘:'is Pﬁ?@&vﬁ%@sl-g idPlgmeni at4on and the
e I nce

desired on escri bed above: ( e present 'ce program oesn't _
general Ly segenr@tisyions dowapbaeidid FReuRE 1@ndphe upttal ickeskroseiaynn{aci ng

hat ch (except
750 divided into subregions. The up-facing bounded subregions of
cross—-section "i" are labeled as 761, 764 and 768. The down-
facing bounded subregions of cross-section "i" are 761, 762, and
769, The bounded subregions that are neither up-facing nor down-
facing are 763, 765, and 767. The unbounded regions of cross-
section "i" are subregions 766 and 770. If can be seen that
subregion 761 is both up-facing and down-facing and thus it would
generally be processed as a down-fgcing feature. If a cross-
section "j" is above a completely unbounded cross-section, then
all of cross-section "j" is a down-facing feature (e.g., the
bottom of the part). If a cross-section "j" is below a
completely unbounded cross-section, cross-section "j" is an up-
facing feature (e.g. the top of the part).

Other definitions can be obtained as needed from remaining
disclosure and the manuals attached as Appendices B and C to U.S.
Patent Application SN 07/429,435, incorporated herein by
reference. Moreover, the specifications of the SLA hardware, the
resin and laser types, and the generally preferred parameters
with respect to the stereclithographic processes described and

improved upon herein are set forth in those Appendices.

Preferred Methods of Obtaining Improved 8tructural Inteqrity

Several preferred embodiments of this invention relate to
methods of obtaining improved structural integrity, lower post
cure distortion, lower overall horizontal distortion, and in many
cases overall lower vertical distortion (e.g. vertical curl) by
effectively providing skin on more than just the up- and down-

facing surfaces of the ﬁaft being formed. For example, the

X EPLACEMENT SHEET!
26 SEP 1996




in the near-flat regions) and boundaries, there will probably be an

additional cure in the down-facing regions since the 30 crosshat ch may
be sonewhat overcured to insure adhesi on between 38 cross-sections. A
fourth enbodinment is simlar to the third just described

28

effect of providing skin at only the up- and down-facing
surfaces, and supplying cross hatch in x-z (X hatch) and y-z (Y
hatch) planes, is to create an internal structure consisting
essentially of relatively long columns of substantially
untransformed material trapped by at least partially transformed
crosshatch and boundary material on the sides and skin on.the up-
facing and down-facing surfaces. Accordingly, a leak in any
portion of the down-facing or up-facing skin or cross hatch would
have the potential to cause distortion and unwanted drainage of
untransformed building material. However, if skin is provided in
the x-y (horizontal} plane, at more than the up- and down-facing
surfaces, then the compartments of untransformed material trapped
by cross-hatch, boundary, and skin would be much smaller and
better-contained. Other advantages emanating from providing
additional skinned surfaces within the internal structure of the
part can include improved structural integrity, less distortion
during formation, reduced post-curing times, and reduced post-
cure distortion. Additionally, surface finishing can be
performed before post-curing, and in some circumstances, post
curing can be completely avoided. There are various preferred
embodiments that employ different approaches in obtaining this
additional fill.

A first group of embodiments utilize exposures analogous to
traditionai skin filling techniques in that the £ill is generated
by a series of overlapping exposures. These embodiments may or
may not employ the use of what is traditibnally known as cross-—
hatch and £ill in the same region of a cross-section.

In a first preferred embodiment an object is formed on a
layer by layer basis'?nitially by the exposure of building

material 46 boundary vectors on a cross-section, followed by

This Sheet Has Becn e, ﬁid REPLACEMENT SHEET

HH#I{HHIMIHI

26 SEP 199




but it doesn't use boundary vectors either. Therefore, this enbodi nent
supplies and exposes only fill type vectors. Since 5 there are no
boundari es associated with each cross-section in this enbodi nent, and

t herefore nothing other than surface tension and viscosity to hold the
vectors in place as they are drawn exc®®% where there is horizontal contact
t o adj acent expeturesofindrosstatehl vectdrs onwthé divssisRebUR, A FiA8TTY ON,
the vectors of 10 this enbodi mrent nmust be drawn in a highly ordered
manner. ThEolAawedr BY nexposired oinakim &idloveekormarornyoup-thegimg ahdt

res . : 3 ses
assu down-facing regions on the cross-section. Additionally, on N

-
periodic or random (with a certain probability of occurrence) |
cross-sections even in non-down-facing and in non-up-facing
regions skin £ill vectors are provided and exposed. For example,
at every 1/2 inch vertical interval through the part, which at 10
mil layers corresponds to every fifty layers, skin vectors are
generated that provide for skinning of the entire cross-section.
These skin vectors are provided in a form in which areas that are
down facing can be distinguished from areas that are not down-
facing so that different cure parameters can be used if
necessary. It is possible to distinguish other regions but it
has been found unnecessary to do so. The advantages of this
approach have been previously described.

0f course other veréical spacing of skin fill is possible
including geometry selective spacing. That is some geometric
features may be better handled by one spacing of skins while
others require a different spacing of skins. In this embodiment
the boundary vectors and crosshatch vgctors that are used to
achieve adhesion between layers are génerally given some overcure
to insure adeguate adhesion. However, the skin vectors that are
used in non-downfacing regions can be given a cure depth that is
less than, equal to, or greater than the layer thickness. It has
generally been found that a skin depth greater than the layer
thickness causes excessive curl and therefore isn't optimal. The
skin vectors {combined with all other vector types) in a down
facing region are, on the other hand given, only a one layer
thickness cure depth. This embodiment can be combined in all, or

in part, with the uniform skin thickness methods to be described

e

" et

LT CIRET
e B 1 UACENT SHEET

TR | [ eser o




adequate structural support to insure that each vector stays in place until
the entire cross-section is drawn. If the vectors are drawn in an inproper
order then it is possible that some of 15 themw Il drift out of
position or be distorted out of position prior to the conpleti-on of the
exposure and solidification of the cross-section. Since vertical curl
general ly qccurs between material curedfn the presently drawn

cross- sect iNGFeaREYR%eri al cured on the previ ously drawn cross-section,

vectors in thisefD. nottSai 89 KM dig%Ea e BuBsDANCANSS YhbYEnaieley pgnd can

al so be
Slicing the desired CAD object file, or the like, twice and then

editing and merging the resulting .sli files together. The first
slice is done with normal slicing parameters. For example by
using X and 60/120 crosshatch with a 50 mil spacing and using X
skin fill with a 3 mil spacing. The second slice is done without
the use of skin fill but with the use of closely spaced
crosshatch (which will function as skin £ill) of type and spacing
equivalent to the skin spacing of the first slice. For example,
continuing with the previous example, the second slice would be
done with the same'layer thickness but with only X type
crosshatch spaced at 3 mils. After creation of the second slice
file, it is edited by hand or by a program that can go in and
remove the skinning cross-hatch associated with the cross-
sections not using £ill in the non-down-facing and non-up-facing
regions. Next the two files are merged together using merging
options that keep all the vectors from the first slice and that
keep only the remaining X layer crosshatch vectors from the
second slice (all other vector types are removed including near-
flat down-facing crosshatch). These hatch and fill vectors are
still distinguished by block headers that indicate which merge
object they came from. Therefore the combined file can be built
as a single object.

One must be sure to give the proper exposure values to each
vector type. Therefore, the hatch vectors from the second slice
object are given associated exposure values egquivalent to skin
fill. This procedure will produce an object substantially like
that described above. However, there are several differences

between this implementation and that desired. First the regions

Sheet Has Boen Replaced REFLACEMENT SHEET!

R [P




cured using two pass nultipass to insure mnimal curl. Subsequently, the
vectors that occur in down-facing regions can be cured in a non-consecutive
interlaced manner with vectors fromthe other hatch types. For exanple, one
or nore nonconsecutive X 25 type vectors can be scanned fol |l owed by the
scanning of one or nore Y type vectors and then repeating the exposure of
other X type and Y type vectors until &4 the vectors have been scanned. In
this region the direction of scanning can be just as inportant as the order
of scanni ngPf Fewnnieeing Heatyses sppt prfaging features might be given a

double exposure (and therefore extra undesired cure depth)
depending on whether the crosshatch from the second slice of the
object is stil)l included in the combined file or not. Second,
since the present Slice program doesn't generally separate non-
down facing hatch from down-facing hatch (except in the near-flat
regions}), theré will be an additional cure in the down—facin§
regions since the crosshatch must be overcured somewhat to insure
adhesion between cross-sections.

FIGURES 14a and 14b depict a side view of an object built
according to the géchgzéues of this first embodiment. FIGURE 1l4a
represents a side view of the CAD designed object. The dotted
regions indicate solid regions. FEGURE 14b represents a side

~—

view of the object as built according this first preferred
embodiment wherein ev;ry third layer is skinned to help increase
the structural integrity of the object. The regions labeled with
forward slashes, "/", indicated regions that are skinned because
they are down-facing. The regions labeled with back slashes,
"\", indicate regions that are skinned because they are up-
facing. The regions that are labeled with X's indicate regions
that are to be skinned according to the teaching of the present
embodiment that would not otherwise be skinned. Layers 1, 4, 7,
and 10 are to be skinned according to this embodiment.

In a second prefefred embodinent an object is built by
providing and exposing boundary vectors on each layer, crosshatch
on each layer and skin f£ill vectors on each portion of each
layer. As with the previous embodiment and the following
embodiments, this second embodiment is not restricted to part

| building with the use of vector data. The vector data is-simply

used as an implementation of the concepts of the invention and
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30 positioning of vectors they may need to be scanned fromthe 39
supported region towards the unsupported region. O her enbodi nents,

descri bed hereinnext, create at |east a substantial amount of fill on a
cross-section in a manner nore anal ogous to standard approach crosshatch
vectors. That is by - 32

other methods of implementation could be used. Certain concepts
- of the invention deal with amount of solidification on each
cross-section and/or the order of material solidification on each
cross-section and/or the depth of solidification of each region
on each cross-section. This second embodiment is similar to the
girst described embodiment exéept that now skin-fill is supplied
on every region of every cross-section not just with down-facing
features, up-facing features, and with periodic cross-sections.
This second embodiment therefore results in green parts that have
little or no substantially untransformed material trapped
internal to their boundaries. fThere will be no substantially
untransformed material if the effective skin depth thickness is
equal to or greater than the layer thickness. There will be to a
greater or lesser extent some substantially untransformed
material if the effective skin cure depth is less than the layer
thickness. As with the previous embodiment, it is desired to get
some net overcure between regions of a cross-section that overlap
with regions of the previous cross-section to insure adequate
adhesion, but it is desired in down~facing regions that the net
cure depth be uniform and be of only a one layer thickness cure
depth. It has been found that with embodiments like the present
one, where substantially all material on each cross-section is
substantially transformed, that vertical curl can and generally
does go up significantly but that horizonéal distortion goes down
significantly. It is known that the amount of curl (both
horizontal and vertical) can vary tremendously depending on the
amount of overcure between layers; the amount of overcure between
adjacent lines on the same cross-section; the extent of the area
over which the overcure takes place; the thickness of the layers;

and the order of intercross-sectional solidification as well as
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5 suppl yi ng and exposi ng vectors which are spaced such that they do not
ef fect each other during their exposure. They are spaced at or slightly
above the expected maxi numcure wi dth of the individually exposed vectors.
Thereby, after exposure of all vectors a substantially transforned
cross-section results with 10 only 4§ ni mal untransforned nateri al

bet ween the vectors. The various enbodi nents of this approach are broadly
known by t keererder Wlaintraqressrsestionady solidkticegiont y HhHarss axet he
first prefggrgglbuilt that contain few unsupported critical features, or in
which ghe unsupported features can be supported by Webs, the
direct application of this embodiment can lead to substantial
improvements in part accuracy.

If the part to be built does contain critical regions that
cannot be well supported then modifiéations to this embodiment
can be helpful in reducing the vertical "curl" type distortion
that may result. These modifications might include the use of
the techniques of this embodiment (or "continuous skinning" or
ugkintinuous") on only the regions that are or can be adequately
supported and continuing to use the standard building methods of
boundaries, widely spaced crosshatch, down-facing feature
skinning routines, and up-facing feature skinning routines on the
other regions of the part. YStrongarm" building techniques can
be effectively used in these other regions of the part. The
result of this modified approach would beféubstantially increased
horizontal accuracy in the supported regions with no sacrifice in
vertical accuracy in the unsupported regions.

Other modifications, to avoid increased vertical distortion
include the use of Smalleys, described in copending U.S. patent
application 183,015; the use of Multipass drawing techniques,
described in copending U.S. Patent Applications 182,823 and.
339,246 the use of Rivet type layer to layer adhesion
technigques, described in copending U.S. Pateni applications
182,823 and 339,246; the use of "strongarm", "log jam", and
"guilting®; as well as other techniques to be describgd
hereinafter; and similar techniques; and combinations thereof.

As with the previously described first embodiment method of

building, this method of building can be substantially
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enbodi ment of this concept (the fifth enbodi nent of this 15

application). This enbodinent is the presently nost preferred enbodi nent
of the various Skintinuous building techniques. This enbodi ment consists of
suppl yi ng and exposi ng boundary vectors, next supplying and exposing at

| east two types of non-parallel cross- ch, wherein the exposure of the

first cross-hatch type 20 is insufficient to produce a cure depth that
resul ts in EHdementedcky ol kaingnthe desdred cedD obipctofilry retheubike,

cross-sectigh AN dEhEL hditing BRS Wil el toddtrdsOMnS S5 R 1Pe 1
done with relatively normal slicing parameters, except no skin
£i11 is used. One example is by using X and 60/120 crosshatch
with a 50 ﬁil spacing. The second slice is done, again, without
the use of skin £i1l but with the use of closely spaced
crosshatch of type and spacing equivalent to that which is
desired for forming skin £ill on each layer. For example the
second slice may be done with the same layer thickness but with
only X type crosshatch spaced at 3 mil. After creation of the
second slice file, the two files are merged together using
merging options that keep all the vectors from the first slice
(except any skin fill vectors that were used) and that keep only
the X crosshatch (including near-flat down-facing cross-
hatch) from the second slice file (all other wvector types are
removed). The hatch froﬁ'the first slice and the £ill vectors
from the second slice {(actually hatch vectors from slice 2) are
still distinguished by block headers that indicate which merge
object they are from. Therefore the combined file can be built
as a single object being sure to give the proper exposure values
to each vector type. Therefore the hatch vectors from the second
slice object are given associated exposure values equivalent to
skin £ill. This procedure will produce an object substantially
like that described above as the preferred method of this
embodiment. However, there is a difference between this
implementation and the desired one described above. Since the
present Slice program doesn't generally separate non-down facing

_hatch from down-facing hatch (except in the near-flat regions},
there will probably be an additional cure in the down-facing

regions since the crosshatch may need to be somewhat overcured to
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equivalent to the first type, thereby resulting in sufficient exposure in

t he overl appi ng regi ons to cause adhesi on between 25 Cross-sections.

The spaci ng of the crosshatch vectors is such that they are spaced slightly
further apart than the maxi num cure width of the individual vectors when

gi ven the appropriate exposure to resul3dsin the desired cure depth. As with

the previously described nethods of building, this 30 nmet hod of bui |l di ng
can be subi® &FP?SFH$IQﬁﬁﬁﬂﬁ&dGBQS?EﬁeﬁﬁlgﬁgkA40

With the second embodiment and the first embodiment as well
as with embodiments described hereinafter, there are many way to
use the existing commerciél software or to modify the outputs
from the present commercial software to at least partially
implement the various embodiments. The impiementations herein
are only meant to be examples of such techniques.

In a third preferred embodiment each cross-section is
supplied with boundaries and skin £ill vectors only {this
embodiment does not utilize crosshatcﬁi In this third embodiment
the boundaries may be cured to an effective depth equal to the
layer thickness or greater than the layer thickness depending on
whether they are to be used to obtain adhesion with the previous
cross-section or whether they are to be used to form a down-
facing feature. As with the previous embodiment the skin vectors
in non-down-facing regions may be cured to a depth less than,
equal to, or greater than the layer thickness. It has been found
that if skin vectors are cured to an effective depth greater than
the layer thickness, by usual curing techniques, vertical curl
will be greater. Therefore, if it is desired to cure the skin
vectors to such a depth it is advisable to utilize a drawing
method that will help to reduce curl, such as multipass.
Multipass i§ a method of solidifying material in at least a two
step process, wherein a first exposure of material to the-
synergistic stimulation leads to a depth of cure less than the
layer thickness and the second pass {or higher order pass)
results in a net cure depth that insures adhesion. Multipass is
an effective way of reducing curl. An additional enhancement of
multipass scanning is described in copending patent application

429,911 regarding the use of multiple wavelengths during the
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software to slice the desired CAD object file, or the like, a single tine.
The part is sliced wth cross-hatch but w thout skin vectors. The
crosshatch vectors are spaced with a separation slightly greater (e.g. 10%
t han the expected maxi num5 cure wdth. The presently preferred system
for building parts using this enbodinent is the SLA-250 nmanufactured by 3D
Syst ens, 36

multiscanning process. A short penetration depth exposure is

given on the first one or more passes to insure that substantial
transformation of building material occurs prior to one or more
additional exposures using long penetration depths that are used
to obtain and insure adequate adhesion between cross-sections.

| An additional problem that might occur with this third
embodiment is that of excessive horizontal curl. In the previous
embodiments horizontal curl was kept to a minimum by the exposing
of cross-hatch prior to the exposing of skin, wherein the cross-
hatch would act as a stabilizing frame upon which skin could be
formed. Since this third embodiment doesn't contain cross-hatch
it may be necessary to utilize a horizontal curl reduction
technique also.

Such techniques include the use of nonconsecutive vector
drawing, the use of non-overlapping f£ill vectors (e.g. "weave"
which is the topic of embodiments to be described later), and the
filling of non-consecutively drawn vectors by intermediate
vectors (in many respects this is a horizontal version of the
multipass technique described above). The non-consecutive
ordering of vectors refers to a technique of supplying fill or
hatch vectors with a particular spacing and then exposing the
vectors in a nonconsecutive manner. In traditional
stereolithography £ill vectors are cured in a consecutive order.

An example illustrating the differences between consecutive
ordering and non-consecutive ordering is depicted in_g;ggg? 7.
FIGURE 7a illustrates a cross-section of boundary 200 and
containin§ unidirectional fill vectors 201 to 209. 1In
traditional stereolithography the order of drawing is from vector
201 to vector 209. The direction of scanning each of these

vectors has generally been such that the amount of jumping
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Inc. of Valencia California. The presently preferred building material is
XB 5081 stereolithographic resin (liquid photopolyner) manufactured by

Ci ba- Geigy. The presently 10 preferred systemutilizes a HeCd | aser
operating at 325 nmwhich typically results in a wdth of cure of
approximately 10-11 mls or less for a 5 re depth of 8-9 mls. Therefore,
the crosshatch vectors are spaced at approximately 12 mls. The presently
preferred fhdtweercvertors dscafhimbzedX abhle Yoddr agmhatéd) vebherd thave presently
preferred SLA software is version 3.60. When using the '

- generally been drawn from left to right and the even numbered
vectors have been drawn from right to left. Therefore the entire
£ill can be drawn with minimal jumping between the head of one
vector and the tail of the next.

FIGURE 7b illustrates a similar cross-section but wherein an
example of nonconsecutive drawing order is used to minimize.any |
horizontal curl that might have a tendency to occur. The cross-
section is surrounded by boundary 220 and it is filled with
vectors 221 to 229. The drawing order is from 221 to 229,
therefore every other vector is skipped on a first pass of
drawing and then the vectors skipped on the first pass are
scanned on a second pass. This technique is especially useful
for minimizing curl when two consecutively scanned vectors are
separated by a distance so that the material cured by each vector
individually doesn't connect to the material cured by the
consecutively scanned vectors. Then on a second pass (or later
pass) the gaps between the material exposed by the first pass are
filled in by the additional pass which scans vectors intermediate
to those of the first pass. If the width of cure of each vector
is relatively wide compared to spacing between vectors it may be
necessary to skip more than just every other vector. For example
it may be necessary on a first pass to cure one vector and skip
three vectors then cure another vector.and skip the next three
vectors, and so forth. On the second pass one may then cure the
intermediate vector of each set of 3 vectors not drawn on the
first pass, and then finally on a third pass the remaining
unexposed vectors are scanned. This is illustrated in FIGURE 7¢C.

The boundary 240 is filled with vectors 241 to 249 wherein the

scanning order is 241 to 249.
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presently preferred software, an objeét I's built by exposing boundary and
hat ch vectors. As stated earlier, adhesion between cross-sections is
obtained at the intersection points between the two hatch types. The cure
depth of these intersection points is 20 approximately 12 mls when
parts are built with 10 m| layers. Thiis nmethod of building results in
substantially I ess horizontal distorti @/ and equi val ent or |ess vertical
di stortion thanrghetme exiiiny eetbrparild enky el hiventdn sirredeive teaglani ques.
Measured post cure distortion is substantially less than for parts
depth less than or equal to the layer thickness it will likely be
necessary to supply additional exposure in the form of point
rivets, or the like, on the portion of the present cross-section
that overlaps the previous cross-section. The proper use of
rivets will lead to adequate adhesion between'layers but will
also tend to keep vertical curl to a minimum. As with the deeper
cure depth methods this approach may also require the use of
horizontal curl reduction techniques.
As with the previously described methods of building, this
method of building can be substantially implemented by a user by
Slicing the desired CAD object file, or the like, a single time.
The part is sliced with cross-hatch but without skin vectors.
The crosshatch vectors are spaced with a separation typical for
skin f£ill. One or more crosshatch types may be simultaneously
used. For example, one can use both X and ¥ hatch with a spacing
of four mils each. If the maximum cure width of cure for a
singlg pass along one vector is equal to or greater than the
spacing between vectors (e.g. 12 mil MCW) and one doesn't want
consecutively cured vectors to effect one another then a drawing
pattern similar to that described for FIGURE 7c can be used for
each type of crosshatch. This procedure will produce an object
substantially like that which would be produced by the preferred
methods'of the third embodiment. However, there is a difference
between this implementation and the desired one described above.
Since the present Slice program doesn't génerally separate non-
down facing hatch and boundaries from down-facing hatch (except
in the near-flat regions) and boundaries, there will probably be

an additional cure in the down-facing regions since the

crosshatch may be somewhat overcured to insure adhesion between

—
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25 bui | di ng using conventional nethods. The formation of a cross-section

by this fifth enbodinent is depicted in FIGURE 8a to 8i. FIGURE 8

represents a square cross- section which is to be cured to a uniform depth.

FI GURE 8a depicts a top view of the material cured by scanning of the 30

boundary vectors. FIGURE 8b depicts a sgctional view of the 41
cross-sections.

A fourth embodiment is similar to the third just described
but it doesn't use boundary vectors either. Therefore, this
embodiment supplies and exposes only fill type vectors. Since
there are no boundaries associated with each cross-section in
this embodiment, and therefore nothing other than surface tension
and §iscosity to hold the vectors in place as they are drawn
except where there is horizontal contact to adjacent vectors and
vertical contact with the previous cross-section, thé vectors of
this embodiment must be drawn in a highly ordered mwmanner. The .
vectors must be drawn in an order and/or to a depth that assures
adequate structural support to insure that each vector stays.in
place until the entire cross-section is drawn. If the vectors
are drawn in an improper order then it is possible that some of
them will drift out of position or be distorted out of position
prior to the completion Qf the exposure and solidification of the
cross-section. Since vertical curl generally occurs between
material cured on the presently drawn cross-section and material
cured on the previously drawn cross-section, vectors in this
region can be drawn in a nonconsecutive order and can also be
cured using two pass multipass to insure minimal curl.
Subsequently, the vectors that occur in down-facing regions can
be cured in a non-consecutive interlaced manner with vectors from
the other hatch types. For example, one or more nonconsecutive X
type vectors can be scanned followed by the scanning of one or
more Y type vectors and then repeating the exposure of other X
type and ¥ type vectors until all the vectors have been scanned.
In this region the direction of scanning can be just as important
as the order of scanning. To insure the most appropriate

positioning of vectors they may need to be scanned from the
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material cured in FIGURE 8a along line b. The cure depth of the boundary

vectors is the layer thickness plus sone overcure anpunt (e.g. 10 m| |ayer
thickness + 6 m| overcure). FIGJURE 8c depicts a top view of the nmateri al
cured in response to the 5 scanni ng of the X cross-hatch on a dashed

background of material cured in responsg,to boundary vectors. FlGURE 8d
depicts a section view of the material cured in FIGURE 8c along |ine d-d.
The cure dEPPPPRHES F@IXOBr BRYARsSC fhe sunsuipporhed xegidrayer

Other embodiments, described hereinnext, create at least a
substantial amount of fill on a cross-section in a manner more
analogous to standard approach crosshatch vectors. That is by
supplying and exposing vectors which are spaced such that they do
not effect each other during their exposure. They are spaced at
or slightly above the expected maximum cure width of the
individually exposed vectors. Thereby, after exposure of all
vectors a substantially transformed cross-section results with °
only minimal untransformed material between the vectors. The.
various embodiments of this approach are broadly knownlby the
hame "Weave™.

The name "Weave" particularly applies to the first preferred
embodiment of this concept (the fifth embodiment of this
application). This embodiment is the presently most preferred
embodiment of the various Skintinuous building techniques. This
embodiment consists of supplying and exposing boundary vectors,
next supplying and exposing at least two types of non-parallel
cross-hatch, wherein the exposure of the first cross-hatch type
is insufficient to produce a cure depth that results in enough
adhesion to induce vertical curl to the previous cross-section
and wherein the exposure of the second cross~hatch type is
equivalent to the first type, thereby resulting in sufficient
exposure in the overlapping regions to cause adhesion betéeen
cross-sections. The spacing of the crosshatch vectors is such
that they are spaced slightly further apart than the maximum cure
width 'of the individual vectors when given the appropriate
exposure to result in the desired cure depth.

As with the previously described methods of building, this

method of building can be substantlally implemented by using SLA

e
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thickness (e.g. 8 m| cure depth for a 10 nil |ayer thickness). 10 The
exposed regions are relatively wide conpared to the unexposed regions. That
i's, the spacing between hatch vectors was only slightly nore than the
maxi num cure wi dth of the hatch vectors (e.g. 12 m| spacing of hatch
vectors and an 11 m | maxi mum cure mjdtné{ 15 FI GURES 8e and 8f
show simlar cured material for Y cross ch vectors. FIGQURE 8g depicts a
top vi ew ofsefitwageptopskide dtheoBesirtat Cab ahjert xdldppbettark iikE) QIRES 8a,
8¢, single time. The part is sliced with cross-hatch but without

skin vectors. The crosshatch vectors are spaced with a

separation slightly greater (e.g. 10%) than the expected maximum

cure width. The presently preferred system for building parts

using this embodiment is the SLA-250 manufactured by 3D Systems,

Inc. of Valencia California. The presently preferred building

material is XB 5081 stereclithographic resin (liquid

photopolymer) manufactured by Ciba-Geigy. The presently

preferred system utilizes a HeCd laser operating at 325 nm which

typically results in a width of cure of approximately 10-11 mils

or less for a cure depth of 8-9 mils. Therefore, the crosshatch

vectors are spaced at approximately 12 mils. The presently

preferred f£ill vectors are combined X and Y crosshatch. The

presently preferred éLA software is version 3,60. When using the

presently preferred software, an object is built by exposing

boundary and hatch vectors. As stated earlier, adhesion between

cross-sections is obtained at the intersection points between the

two hatch types. The cure depth of these intersection points is

approximately 12 mils when parts are built.with 10 mil layers.

This method of building results in substantially less horizontal

distortion and equivalent or less vertical distortion than when

equivalent parts are built with standard techniques. Measured

post cure distortion is substantially less than for parts

building using conventional methods.

The formation of a cross~section by this fifth embodiment is
depicted in FIGURE 8a to 8i. FIGURE 8 represents a square cross-
section which is to be cured to a uniform depth. FIGURE 8a

depicts a top view of the material cured by scanning of the

boundary vectors. FIGURE 8b depicts a sectional view of the

e




and 8e. The small square zones in the FI GURE represent uncured material .
The size of these squares is about 1 m!| on edge or 20 | ess whereas the
solidified material between themis about 11 mls on edge. FI GURE 8h
represents a side view of the cured shape of material along the line h-h of
Fl GURE 89 Line h-h is directly above the maxi num cure from an- X hatch
vector. FI-GURE 8i represents a side vie#2of the cured shape of materi al

2 ONg 25, adtetal bubla A0 0 Hing UGB! Nepl AN HEALONS WhETe the

X and Y hatch vectors overt I ncrea 0 So ng g
*  boundary vectors is the layer thickness plus some overcure amount

{e.g. 10 mil layer thickness + 6 mil overcure). FIGURE 8c
depicts a top view of the material cured in response to the
scanning of the X cross-hatch on a dashed background of material
cured in response to boundary vectors. FIGURE 8d depicts a
section view of the material cured in FIGURE 8c along line d-d.
The cure depth of the X crosshatch is less than one layer
thickness (e.g. 8 mil cure depth for a 10 mil layer thickness).
The exposed regions are relatively wide compared to the unexposed
regions. That is, the spacing between hatch vectors was only
slightly more than the maximum cure width of the hatch vectors
(e.g. 12 mil spacing of hatch vectors and an 11 mil maximum cure
width).

FIGURES 8e and 8f show similar cured material for Y
crosshatch vectors. FIGURE 8g depicts a top view of the
superposition of material cured as depicted in FIGURES 8a, 8c,
and 8e. The small square zones in the FIGURE repiesent uncured
material. The size of these squares is about 1 mil on edge or
less whereas the solidified material between them is about 11
mils on edge. FIGURE 8h represents a side view of the cured
shape of material along the line h-h of FIGURE 8g. Line h-h is
directly above the maximum cure from an X hatch vector. FIGURE
81 represents a side view of the cured shape of material along
line i-i of FIGURE 8g. The cure depth of the regions where the X
and Y hatch vectors overlap has increased to something greater
than the layer thickness. Line i-i is located between the cure
of two adjacent X hatch vectors. Most of the area of the cross-
section is more like FIGURE 8h than FIGURE 8i. The exposure in

FIGURE 8h isn't uniform but the nonuniformity is less than that
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than the layer thickness. Line i-i is |ocated between the cure of two
adj acent X hatch vectors. Mst of the area of the cross- section is nore
| i ke FIGURE 8h than FI GURE 8i. The exposure in 30 FI GURE 8h isn't
uni form but the nonuniformty is |l ess than that 42 produced in the
tradi tional approach to skinning a surfgge during
produced in the traditional approach to skinning a surface during
part building. The main reason for this reduction is that there
isn't a superposition of discrete hatch vectors with a six mil
over cure each which results in up to an 11 mil overcure, or
more, at their intersection points combined with skin vectors
that form a uniform layer thickness cure éepth. Instead there is .
simply a double exposure of closely spaced hatch that produces a
substantially uniform cure depth with points of approximately 5
mil overcure superimposed on it.

A variation of this fifth embodiment is to use weave in all
non-down-facing regions and to use other more traditicnal
approaches to skinning (including the uniform skinning methods
described below) on the down facing features and to give these
down-facing features a layer thickness cure depth.

A sixth embodiment of the present invention is similar to
the fifth embodiment just described except in the sixth
embodiment the crosshatch (or fill vectors) are offset or
"staggered" from layer to layer. One implementation of this
rethod is to offset the vectors on adjacent layers by 1/2 the
hatch spacing. Therefore, the hatch vectors on every other layer
overlay the same hatch paths. Other forms of layer to layer
offset are possible wherein the overlaying of hatch paths (hatch
paths are lines on a given cross-section that have the potential
of being crosshatched) is repeated at some other period than on
every other layer. For example hatch paths may not overlay each
other for 3 or more layers.

Offset or "“staggered" crosshatch may be utilized with
standard building techniques as well as with the various
embodiments of the present invention. The advantages of using

offset crosshatch with standard building techniques (that is
-andard oul

—
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part building. The main reason for this reduction is that there isn't a
superposition of discrete hatch vectors with a six m| over cure each which
results in up to.an 11 m | overcure, or 5 nore, at their intersection
poi nts conbined with skin vectors that forma uniformlayer thickness cure
depth. Instead there is sinply a double‘fxposure of closely spaced hatch

t hat produces a substantially uniforn1éhre depth with points of

appr oxi nat @ de1y Bbhcd ULt IWRELVIRISCHrédudtionlBe smootherAv¥atid on of
this fifth enbddinent is to use weave in al
surfaces of an object, more uniform volumetric properties, and
possibly less curl between layers since adhesion between layers
is due to points instead of lines.

In building parts for investment casting, that hollow parts
lead to less structural strain on the casting molds as the |
building material is burned away. Hollow parts can be built with
crosshatch but without skins, thereby tending to allow
untransformed material between the cross-hatches to drain from
the object. Solid parts tend to expand and crack investment
casting molds, whereas hollow parts have less of a tendency to do
so. However, building hollow parts can be a problem even when
skin £ill isn't used if the hatch vectors on successive cross-
sections lie on top of each other. Untransformed building
material can be trapped between the cross-hatch and the
boundaries which trapped.material can later become solidified,
thereby losing the desired hollow part characteristics of the
cbject. However, if the centering-to-centering distance between
crosshatch vectors is greater than approximately twice the cure
maximum width, then offsetting the vectors by 1/2 the spacing on
every other layer will result in a part where substantially all
of the internally untransformed material can flow through various
gaps and thus can be removed prior to using the part to make an
investment casting mold. This advantage of offset crosshatch is
illustrated in FIGURES 9a and 9b.

FIGBRES-Sa and 9b illustrate the sixth embodiment and depict
side viéws of an object whose boundary vectors are offset from
one another but are not offset sufficiently to allow drainage of
untransformed material between them (these are nonvertical but

steep boundaries as opposed to flat or near-flat boundaries).
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non- down-facing regions and to use other nore traditional approaches to
skinning (including the uniform skinning nethods descri bed bel ow) on the
down facing features and to give these down-facing features a | ayer
t hi ckness cure depth. 15 A sixth enbodi nent of the present
invention is simlar to the fifth enbodi nent just described except in the
si xth enbodi ment the crosshatch (or fil45 vectors) are offset or "staggered"
from | ayer FIGUREaer depiives ianpaetebu it orithf ovdrilayteghotodshatenofiset the
vectors on gg@é%ﬁigtpLg 2&: g) dkg%aagggrmed material trapped within it.
FIGURE 9b depicts the part built with offset crosshatch therefore
allowing pathways for removal of internal untransformed material.
Assuming the top of each partial object reconverges so that
building material cannot be removed from the top, as shown in
FIGURE Sa, only pockets 306 and 308 can drain whereas 302, 304,
310, and 312 cannot drain. In FIGURE 9b, the entire internal
area of the part forms one interconnected pocket from which
substantially all untransformed material can drain. If using a
photopolymer, drainage can be enhanced by utilizing elevated
temperatures to reduce resin viscosity. Since a primary
principle of the present invention is to solidify as much
internal material as possible this sixth embodiment of offset
crosshatch diverges from the skintinuous building techniques.
But it is a useful building method in its own right. Its ability
to reduce post cure distortion is discussed in Example 6.

Other embodiments of the nonoverlapping approach to building
can be developed from appropriate combinations with techniques
discussed in conjunction with overlapping exposure techniques as
well as with the additional embodiments of the present invention
to be described hereinafter.

Besides the two main approaches described previously, that
is overlapping fill or non-overlapping fill on at least a portion
of the cross-sections, there is an additional class of
embodiments that is used to increase structural integrity. This
next class of skintinuous embodiments is based on the curing of
discrete points of material called "Bullets" instead of the

curing of overlapping or non-overlapping lines of material. The

bullets are cured in association with a single cross-section as a
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20 hatch spacing. Therefore, the hatch vectors on every other |ayer
overlay the sane hatch paths. Qher forns of |ayer to | ayer offset are
possi bl e wherein the overlaying of hatch paths (hatch paths are lines on a
gi ven cross-section that have the potential of being crosshatched) is
repeated at sone other period than on 25 every other |ayer. For exanple
hat ch paths nay not overlay each other4bor 3 or nore |ayers. O fset or

" stagger ey GLosEhale LB 141 iRy btdbrihgneRpdeliid.di et eChni ques as
embodiments of this approach comprise methods of solidifying
primarily internal regions of objects whereas the down-facing and
up-facing regions of the object may be cured by the other
approaches described herein.

The seventh embadiment of Skintinuous (the first embodiment
of this class) involves curing the internal portions of desired
cross-sections by exposing material within the boundaries of the
cross-sections as a series of discrete points. The points that
are exposed on a given cross-section are spaced from each other
by a distance slightly greater than the maximum diameter of the
cured material formed upon exposure of the material to
synergistic stimulation. In other words, on a single internal
cross-section a substantial portion of the material is cured in
the form of point exécsures with a small gap separating each
point exposure from its neighbors. This separation stops the
transmission of stress and therefore diminishes curl. Each point
is cured to a depth equal to or slightly greater than the layer
thickness to insure adhesion between cross-sections. On the next
cross-section the pattern of exposure is "staggered" or shifted
so that the point exposures on this next cross-section are
centered above the gaps between the points on the previous cross-
section. This shifting pattern of bullet exposures is cont;pued
on alkernating cross-sections until the desired region of the
part is complete. This allows substantial structural integrity
to be developed between cross-sections while decreasing the
amount of curl when building with a given layer thickness.

Two consecutive overlapping sample cross-sections are shown

in FIGURES 10a and 10b. These sample cross-sections depict a

cross-section boundary 400 enclosing a series of point exposures.

—
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enbodi nents of the present invention. The advantages of using 30 of f set
crosshatch wi th standard buil ding techniques (that is 43 w dely spaced
hat ch) invol ve the production of snoother vertical- surfaces of an object,
nore uni formvolunetric properties, and possibly less curl between |ayers
si nce adhesion between | ayers 47

FIGURE 10a depicts point exposures 402 located on a particular

- grid while FIGURE 10b depicts point exposufes offset (staggered)
from those in FIGURE l10a. A comparison of the two FIGURES
indicates that the bullets on one cross-section are centered in
the niddle of the space between bullets on the previous cross-~
section. FIGURE 10c depicts substantially a side view of the
combined FIGURES 10a and 10b along line c-c. This FIGURﬁ, at
least in a 2 dimensional view, illustrates how the bullets are
staggered from layer to layer. The illustrations of FIGURE 10a
and 10b depict a particular arrangement of points on a given
cross-section but other arrangements are possible. For example
to get a tighter fit of bullets {(higher ratio of transformed to
untransformed material on a given cross-section) one could locate
the points in ‘a hexagonal pattern. This hexagonal pattern when
combined with higher cross-sections could form a hexagonal close-
pack structure. Therefore each bullet would have 6 nearest
neighbors on the cross-section as opposed to only 4 as shown in
FIGURES 10a and 10b.

This method of building with bullets can only be partially
implemented from present 3D Systems software. This
implementation is only partially satisfactory. Proper
utilization of this embodiment requires modified software.

The implementation from the present software is done by
slicing the object with a single type of crosshatch vectors (e.g.
X vectors) with a spacing slightly larger than the diameter of .
the bullets of material that will be formed. The object is
sliced a second time with the part offset by 1/2 the spacing
along the direction perpendicular to the chosen crosshatch
direction (e.g. the Y=-axis). The twolobjects are merged together

using options that shift the second file by -1/2 the crosshatch
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is due to points instead of lines. 5 I n building parts for

I nvestnent casting, that hollow parts lead to |l ess structural strain on the
casting nolds as the building material is burned away. Hollow parts can be
built with crosshatch but w thout skins, thereby tending to all ow
untransformed naterial between the cross-hatches to drain from 10 ~ the
object. Solid parts tend to expand andggrack i nvestnent casting nolds,

el o o FLRLA RSl £55 e} 80 085G Lo .30 xBREP Tt 0 10
the crosshatch spacing along the X-axis. Also the merging
options used remove all the vectors from the second slice file
except for the cross-hatch vectors. Then the resulting file is
edited to remove the hatch vectors from alternating slice files
on alternating layers.

‘When vectors are cured'psing the present software they are
not cured by a continuously sweeping beam but by a beam that
jumps a small distance (e.g. integer multiples of 0.3 mils) known
as the stepsize or SS, and then it waits at each allowed SS
position a period of time known as the step period or SP (e.q.
integer multiples of 10 microseconds). The particular
positioning for both timing and jumping is based on the beginning
point of each vector that is drawn. When the object is built,
the SS value used is equivalent to the spacing between vectors
(e.g. 12 mils or approximately an SS value of 40). Since the two
files were offset when they were sliced along the direction
perpendicular to the hatch direction and then shifted back
together during merge, the Y-value associated with each bullet
will be offset by 1/2 the crosshatch spacing on alternating
layers. Since the files were merged then offset from each other
by 1/2 the cross-hatch spacing along the direction of the
crosshatch the X-value associated with each component wi}l be
offset by 1/2 the crosshatch spacing between alternating layers.

This method of implementation is useable but not always
satisfactory since in some of the extreme values, the X-component
of each vector fall slightly (1/2 the crosshatch spac;ng) outside
the boundary of the cross-section. Other software based methods
of implementation using the present software are based on slicing

the part twice as described above but here each part is sliced
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skin fill isn't used if the hatch vectors on successive cross- sections lie
on top of each other. Untransformed buil ding 15 mat eri al can be trapped
bet ween the cross-hatch and the boundaries which trapped material can |ater
becone solidified, thereby losing the desired hollow part characteristics
of the object. However, if the centerﬁgg-to-centering di st ance ‘bet ween
crosshatch vectors is greater than approximately twi ce the cure 20

maxi mum wiwlith at hagesf twiikndsg thice act RasgdiaslhAdsibed AT ioA 8P BWLrY
other layer will result in a part where substantially al
parts is shifted by 1/2 the layer thickness prior to slicing and
then shifted back during merging.

A useful tool for implementing this embodiment from the
present software without a major change would be to include a
parameter that would allow crasshatch vectors to be reduced in

' length at each end by a specified amount. This would allow
shifting along the direction perpendicular to the hatching
direction, along with the reduction of the vectors created by the
second slice by 1/2 the crosshatch spacing, followed by the
reregistration of the files during merging. Also of use would be
an editing program that could read through the merged file and
remove selected vector types from appropriate cross-sections.

If one is building an object with an orientation that is‘
substantially more susceptible to curl than the perpendicular
orientation, this embodiment may be modified to that of an
embodiment of offset unidirectional crosshatch. .Here the
direction of offsetting would be the direction most susceptible
to curl and the direction of the vectors would be the less
susceptible direction.

The eighth embodiment of the present invention is similar to
the seventh embodiment but the bullet's Are cured so as to
solidify material in association with the previous cross-section
as well as the present cross-section. Therefore the cure depth
of each bullet is typically equal to or somewhat larger than two
layer thicknesses. Accordingly, in this embodiment, it is
important, when working with a particular cross-section, to know
not only the internal regions of the present cross-section but to
also know the internal overlapping regions of the previous cross-

section. The séacing of the bullets is somewhere between what it
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of the internally untransfornmed material can flow through various gaps and
t hus can be renpbved prior to using the part to nake an investnent casting
nol d. This advantage of offset crosshatchpe-25 Lllustrated i n Fl GURES
9a and 9b. FIGURES 9a and 9b illustrate thdHs SHEETomA®BERRNRt and depi ct
side views of an object whose boundary vettors REPRAGHIf set from one anot her
but are not offset sufficiently to al i o® dr ai nage of untransfornmed materi al
bet ween t hers @(hhere prerivwayenbodilentuand(the diamepebonthdarei kel st @xposed
to flat or near-flat boundaries).

one layer thickness below the present cross-section. The

adhesion between layers is gained substantially by adhesion
between the sides of the bullets on the present cross-section at
a position one layer thickness below their upper surface and the
sides of the bullets on the previous cross-section at their upper
surface. A side view of the bullet positions on adjoining layers
is depicted in EEGURE 11. It is noted that the present
enbodiment is primarziy for regions of the object two or more
layers from down facing features.

In still other embodiments, transformation of material that
is located on one cross-section may occur from exposures given in
association cross-sections two or more layers higher up.

As discussed above, several new skinning techniques can
advantageously be used in connection with this invention, based
on non-consecutive ordering of skin vectors. Traditionally, skin
vectors are ordered head-to-tail, such that a first vector pass
is made along a fill path from one boundary to an opposing
boundary, and a pass along the next vector is then made, slightly
offset {e.g., typically from 1 to 4 mils from the first), from
the latter boundary back to the first. However, it has been
found, in accordance with some of the preferred embodiments of
this invention, that dlstortion can be reduced by approprlate,
non-consecutive scanning and therefore nonconsecutlve formation
order of skin fill . Specifically, the offset between vectors
can be advantageously increased (e.g., doubled or tripled, or
more), such that the successive skin vectors have less impact, or
do not impact, upon adjacent lines of cured building material '
for a given series of passes across the surface of the region of

the part being formed. Additionally, in one or more successive
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FI GURE 9a depicts-a part built with overlaying crosshatch and therefore
pockets of untransformed material trapped within it. FIGJRE 9b depicts the
part built with offset crosshatch therefore allow ng pathways for renobva
of internal untransformed material. 5 Assum ng the top of each partia
obj ect reconverges so that building material cannot be renoved fromthe
top, as shown in , 51

series of passes, additional skin vectors can be drawn between
those that had been drawn in the earlier series of paéses. These -
embodiments preferably have crosshatch vectors on each layer as
well as skin vectors.

Yet another embodiment according to which distortion can be
mini@ized involves skinning in different directions for different
layers. For example, in a part having x- and y- hatch on each
layer, odd layers can be skinned in the x-direction and even
layers in the y-direction, or vice versa.

In still another embodiment, skin fill can be provided in
both x- and y- directions on a given layer having x- and y-cross-
hatch.

According to a most preferred embodiment, however, x, 60°
and 120° cross-hatch is provided with skin fill in at least one
of the x, 60°, or 126‘ directions, and preferably, in each of the
directions. In a preferred variation of this embodiment,
discussed in more detail below, the skin vectors of a given
direction are not traced directly over the hatch vectors of the
same direction, thereby avoiding excess exposure to any given
location. Moreover, since exposure is provided in three
directions over any given point in a skinned layer, the vector
scanning speed can be increased by a factor of three to yield
one-third of 'a normal exposure per vector, resulting in a uniform
exposure after all three directional passes are made.

Another embodiment is that of "tiling®". In this embodiment
one of the previously mentioned approaches is utilized in
exposing individual "tile-like" regions wherein small spacings of
material between the individual tiles are left untransformed to

" act as stress relief zones. The size of the individual tiles can

——

range from that of a point exposure to that of an entire cross-
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FI GURE 9a, only pockets 306 and 308 can drain whereas 302, 3C4, 310, and
312 cannot drain. In FIGURE 9b, the entire internal area of the part forns
one interconnected pocket from which 10 substantially all untransforned
material can drain. |If using a photopolyﬁﬁﬁfﬁﬁmmnmgmgmmqlbe enhanced by
utilizing elevated tenperatures to red e resRﬁPhAGBDOS|ty Since a primary
principle of the present invention_is #o oplidify asnuch®internal nmateri al

as possi bl #eqtiion, swith @Pﬁ)d’%ﬁ%ﬁ%’eﬁ?m&flﬁs%%zﬁﬁ'angecpﬁg‘%‘f%ﬁ &K“d?\‘vé‘r‘bes from
the sklntlnuqysnpghgglgg 7€ ¥ 94CSach on edge.

Tiling is a method of forming a 1ayer of an object produced

by stereolithography, wherein the layer is divided into a series
of area elements or tiles. Each area element is isolated from
adjacent area elements by spacings. The spacings around each
area element remain untransformed, at least until all neighboring
area elements or tiles are transformed or solidified. The
spacings between the individual tiles are left untransformed to
act as stress relief zones. The width.of the spacing is
typically small compared to.tﬁe width of the individual tiles.

Tiling can alsc be used as another technique of curl
reduction when implemented on a second or higher layer above a
down-facing feature. Generally no curl is generated on a down-
facing feature so there is no need for tiling as a curl reduction
technique on a down-facing feature. It should also be noted that
tiling does not generally apply to down-facing features because
there is no underlying structure to attach individual tiles to
during the transformation process, i.e., tiling may be applied
only to a supported area as opposed to an unsupported area.

Since the tiles are individual and discréét relatively small
areas, the use of tiles limits shrinkage to the boundary of the
tile. This reduces stress and curl on the tiled layer, an
especially important consideration in the first few layers
immediately above a down-facing feature. Curl generally occurs
mainly in down-facing features. These features curl upwardly as
a result of the formation of the next several overlying layers.
Oon the other hand, a potential disadvantage of tiling is that it
possibly provides less strength.

The spacings in between the tiles can be transformed or
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But it is a useful building method in its own right. Its ability to reduce
post cure distortion is discussed in Exanple 6. Qther enbodinments of the
nonover | appi ng approach to buil di ng can developed fron1appropr|ate

conbi nati ons with techni ques 20 di scu . on with
over | appi ng exposure techni ques as well ) dﬁfNional enbodi nent s
of the present invention to be describe® ijdes the two main

eoorcechos ISR QML Ly & SrolELy O SoEL0H) Nkt aver o
of the tiles have been formed. An entire object can be made by
. tiling to reduce post treating. This grouting is usually
transformed to a lesser degree than the tiles (a lower exposure
is used).

By way of example, when using a preseﬁtly preferred material
such as XB5081 and 5 mil layers, tiling may be useq in forming
the first through'twentieth layers above a first layer of a down-
facing feature and especially to form layers through 10 (assuming
the first layer is supported). If 10 mil layers are used, tiling
would preferably be applied in the range of the 1st through 10th
layer and especially in the 1st through 5th layer above a down-
facing feature.

Preferably, the tile'sizes range from the width of a laser
beam (about 0.010 inches, 1/4 mm) up to about 0.120-0.150 inch,
with the most preferred range being from 3/4-2 millimeters on
edge.

The spacings or gaps in between the tiles should be as small
as possible, within the limits of accuracy of placement and cure
width of a beam of synergistic stimulation. The typical width of
these gaps is in the range of 1-10 mils after exposure and cure.
It is important that the material in the spacings or gaps not be
transformed or solidified sufficiently to_transmit'stress.

Where a scanning mirror-directed laser beam is used to
transform the material, the "jumping" speed from tile to tile
across the spacings must be considered. The mirror(s) directing
the laser has a moment of inertia which limits its rate of
angular acceleration. If the laser is to jump from the edge of
one tile to the adjacent edge of another tile, the jumping speed

is limited since there is only a very small distance in which the
-

—_—_—
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25 of the cross-sections, there is an additional class of enbodi nents
that is used to increase structural integrity. This next class of

ski nti nuous enbodi ments is based on the curing of discrete points of
material called "Bullets" instead of the curing of overl apping or
non-overlapping lines of material. The 2§ bullets are cured in

aSSOCiati031#%&41d%nsggggfegéégﬁté?%ggiE%‘ﬁﬁ%tabééﬁn to decelerate to
properly direct the laser onto the edge of the next adjacent
tile. Since the jumping speed is limited, the material in the
gap may be inadvertently partially cured by the jumping laser.
In tiling methods wherein the laser is frequently jumping back
and forth between tiles, this can become especially problematic.

Inadvertent curing of the material in the gaps during tiie
jumping between tiles can be overcome in several ways. The
mirrors can be made to accelerate faster, although a practical
upper limit is quickly reached. Alternatively, a shutter can be
provided to both the laser beam before reaching the scanning
mirror. However, mechanical shutters also suffer from inertial
lag and are considered too slow to be effective. Electrically
driven crystal acousto-optic shutters can be considered. A third
technique, i.e., the "long jump" technique is the most
preferable. In the long jump technique, the laser is jumped from
a far edge of a tile.accelerating over the tile (the launch tile)
then crossing the gap at maximum velocity to a distant point on
the adjacent tile (the landing tile) decelerating and beginning
to transform the area of the tile near its far edge. By making
the long jump, the laser has a sufficient distance in which to
accelerate such that it passes over the gap at a high speed and
decelerates to the landing point distant from the gap.

Tiles cdn be formed in various patterns and shapes. One
basic way is to form square or rectangular tiles in a straight
grid pattern, i.e., with the gaps or grout lines extending
continuously in the two directions of the layer (x and y
directions). However, with this grid pattern, the grout lines
themselves are relatively long lengths of material which when

cured are subject to curling. Moreover, the tiles forming the
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plurality of substantially nonoverlappi ng exposures. The enbodi ments of
this approach conprise nethods of solidifying primarily internal regions of
obj ects whereas the down-facing and up-facing regions of the object may be
cured by the other 5 approaches described herein. The seventh enbodi nent
of Skintinuous (the first enbodi ment ofsghis class) involves curing the
i nternal portions of desired cross-sections by exposing material wthin the
boundari es S§Pipgrid pattern are not structured to resist curling in
either direction caused by shrinkage of the grout lines during
curing. Thus, the straight grid tile pattern has two axes of
weakness.
An improved tile pattern is an offset or staggered grid
wherein the tiles are staggered in alternate rows, like bricks in
a horizontal wall. With the tiles in this staggered grid
pattérn, the grout lines extend continuously only in one axis,
rather than in two axes as with the straight grid pattern
described above. In addition, in the staggered grid pattern, the
grout lines meet only at "three-way" intersections rather than
four-way intersections as in the straight grid pattern.
Consequently, the grout lines can shrink from only one direction
as the tiles block off shrinkage from one side. The staggered
grid pattern has only one "weak axis" i.e., along the
uninterrupted grout lines, whereas the straight grid pattern has
two weak axes. The tiles in the staggered grid pattern reduce
curl and also make a stronger layer by distributing weak points.
The relatively long grout lines extending in a single
direction in the staggered grid pattern can shrink substantially
but still cannot cause the plane of the layer to bend upwardly,
as the alternating tiles are able to resist bending.
As the building material is cured, using preferred materials
(XB 5081), there is a delay of approximately 2-3 seconds prior to
shrinkage of the @aterial. Consequently, if'no grout is used,
the tiles can be formed as fast as possible. However, in
enbodiments which include grout, the tiles must be cured first
and allowed to shrink (for a few seconds) prior to laying grout.
Tiles can be cured by skinning. This skinning can be formed

using multi-pass, weave, rivets, as well as other techniques
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cross-sections as a series of discrete points. The points that 10 are
exposed on a given cross-section are spaced fromeach other by a distance
slightly greater than the maxi num di ameter of the cured nmaterial forned
upon exposure of the material {to synergistic stinulation. In other words,
on a single internal cross-section a subBfantial portion of the material is

cured | n sodiscidid BV ObuDR e BYRANAS i LAY 1 ABRSEAVEA! 1 N9, Sach
poi nt exposure from ts nel ghbors. I'S separation st ransm ssion
of stress aapplivtdbase Orfédd Tues EéﬂdctiEﬁCibcnﬁii@es allow the tiles to

be larger in size without incurring significant curl. The tiles

can be cured by providing skin £i11 over the entire tile surface

and then moving on to the next tile. Alternatively, the tiles

_can be partially cured (e.g., a one line trace) followed by

partial curing of other tiles, and then returning one or more

times to fully cure the previously partially cured tiles.

In the staggered grid pattern, curing of the grout lines
extending unbroken in the x direction also causes shrinkage in
the y direction inducing some amount of y direction curl. '

Triangles are another pattern shape which can be used in
tiling. These patterns can be replicating triangle patterns
using a single triangle.size and shape, or a replicating pattern
using triangles of different shapes. In addition, patterns of
random triangles can als& be used, so long as adjacent edges
match to create an acceptably narrow gap. With patterns of
random triangles, the grout lines can all be made short and
interrupted so as not to create any weak axes.

The hexagon is the most preferable tile shape. Hexagons can
be closed packed to form solid tiles separated by thin isolating
lines. A pattern of hexagon tiles has no weak axis and no long
grout lines. Following the hexagon tile pattern (Figure 17a) in
declining order of preference are random order and size triangles
(Figure 17b), higher order triangles (Figure 17c), staggered grid
square tile patterns (brick wall) (Figure 17d), straight grid
tile patterns (Figure 17e), square regular array oppositely
paired triangles (Figure 17f) and square array regular triangle
patterns (Figure 17g). Other patterns besides those depicted in

Figures 17a-g exist which iead to regions of reasonably isotropic
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Is cured to a depth equal to or slightly greater than the |ayer thickness
to i nsure adhesi on between cross-sections. On the next 20 Cross-section
the pattern of exposure is "staggered" or shifted so that the point
exposures aon this next cross-section are centered above the gaps between
the points on the previous cross- secti®dn. This shifting pattern of buIIet

eqi on of FRES A3 RaCupRk; X1z pAREE e EediErs, 2URckE by eboL R,
integrity pp e dews! gpedi st \g@ggegrm@ggtﬁiq%g.v\hi | e decreasing the
In forming layers with tiling, it is preferable to stagger
the tile positions from layer to layer, such that the tiles and
adjacent layers do not align with each other. Offsetting tiles
between layers improves strength without unduly increasing curl,
Tiles that are aligned or non-staggered from layer to 1ayer,
(i.e., columns of tiles) may be acceptable  for tiling in the
first few layers above a down-facing feature. Followed by
: conversion to a method of building that connects the isolated
tile regions together. However, if an entire object_(excluding a
down-facing portions of layer) is built with tiling, staggering
of tiles between layers is desirable. The stagger can be
intermittent, i.e., with groupings of short columns of tiles
throughout the cbject. If grouting is provided, staggering of
tiles between layers may not be required for strength, but may be
preferable for homogeneity.
Additional disclosure useful for implementing tiling is set

forth in U.S. Patent Application, Serial No. '

entitled Boolean Layer Comparison Slice, Docket 190/217, filed by
Snead et al, which application is incorporated herein by
reference. :fﬁis application discloses use of a across-sectional
comparisons to determine down-facing and other features
associated with each cross-section. These techniques can readily
be extended to determine areas to be tiled. These areas to be
tiled may include regions which are 1 or more layers above down-
faciné features, The most preferred method of implementing
tiling, as well as other skintinuous methods disclosed herein, is

through deviations between the object design or desired objection

design and the building representation, where these deviations
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anount of curl when building with a given layer thickness. Two consecutive
over | appi ng sanpl e cross-sections- are shown in FIGQJURES 10a and 10b. These

sanpl e cross-sections depict a 30 cross-section boundary 400 encl osing a
series of point exposures. 46 FI GURE 10a depicts point exposures 402
| ocated on a particular 58

are incorporated by a slice type program. The modifications to
the slice program for implementing tiling can include utilization .
of sets of alternating closely spaced and further'spaced hacth
paths. The area between the closely spaced paths determines the
grouting or gap regions whereas the area between the further
spaced paths determines the areas to be filéd. A second
preférred method is by formation of a vector set of skinning
vectors which are continuous across the region which can be
broken down into portions of vectors to be cured and portions to
be left uncured. This process of determining portions for curing
and portions for not curing can be made in the process computer
as part of a build program or the like. Of course, other methods
of implementation exist.

A main thrust oﬁ several of the above mentioned embodiments
is achieving maximum solidification with minimum distortion prior
to attachment of adjacent layers. Complete unattachment for too
long a period of time can lead to drifting of solidified material
out of it designated position. One wmethod of maintaining the
positioning of floating solidified material without inducing curl
into a preceding layer is to attach only one point of each vector
{e.g. each hatch vector of the first pass of hatch when using the
weave approach) to the preceding layer (which will tend to fix
the vector in place). Then the one point anchored vectors, which
have been floating, are scanned an additional pass to complete
the curing process and to insure aéequate adhesion between
boundaries and hatch.

Generically, multiscan techniques can be used with many of
the above embodiments to help reduce curl. The multiscan may be
done in the form of multiple passes over individual vectors or it

may be done by crossing of vectors or by riveting areas together,
I
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grid while FIGURE 10b depicts point exposures offset (staggered) fromthose
In FI GURE 10a. A conparison of the two FIGURES indicates that the bullets
on one cross-section are centered in 5 the m ddl e of the space between
bull ets on the previous cross- section. FIGJRE 10c depicts substantially a
side view of the conbi ned FI GURES 10a and along line c-c. This FlI GURE,
at least in at2 di.pensi onal view, illustrates how the bullets are staggered
fron1|ayer°F }é K&« The illustrations of FIGURE 10a 10 and 10b depi ct

a particular argangemelt QfaiAy ESaf Rk V&lkl reduction techniques may

also be readily used in conjunction with many of the above
embodiments to reduce various distorﬁions.

An additional approach to minimizing curl in the various
skintinuous embodiments is called “Strong Arm". 1In this approach
the first layer of an unsupported region is given extra cure to
make it stronger and therefore better able to resist the curl
that the weaker, thinner upper layers will attempt to induce in
it. |

Other distortion reduction techniques defined in the

definition section of this application can also be used.

Preferred Mathods of Obtaining Uniform Exposure

Turning to FIGURES 1 and 2, it will be seen that multiple
exposure of boundaries 10, hatch lines 12, and skin £ill 14 will
likely cause cure depth variations as depicted in FIGURE. 2.

To obtain a smooth down-facing region, the net exposure over
all the area elements must be the same. While uniform cure depth
is necessary for smooth down-facing features, it is not necessary
to achieve smooth up~facing features. These up-~-facing features
attain their smooth surface finish from the smoothness of the
building matérial working surface {e.g. resin surface), and from
adequate strength of skins preventing their collapse from various
forces including shrinkage during post-curing.

There are three main approaches that are exemplified herein
to attain uniform exposure, particularly of down-facing regions.
While the third approach is most preferred, the other two are

within the scope of the invention, as are variations of all three
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cross-section but other arrangenments are possible. For exanple to get a
tighter fit of bullets (higher ratio of transfornmed to untransforned
material on a given cross-section) one could |locate the points in a
hexagonal pattern. This hexagonal pattern when 15 conbi ned with higher
cross-sections could forma hexagonal cb®se- pack structure. Therefore each

bul I et woutgataMai6pae Gﬁﬁﬁiexﬂ@ltgzhbﬁésoﬂfbrﬁﬁﬂaﬁi Qaa13e¢h! Ofle artoRROSEd tO
only 4 as shown in FlI ES 10a and 10b. This method of building with
bul | et s cahighti wihéhpafol hbving description.

A first approach to avoid differential exposure is to avoid
the use of both boundary and hatch vectors, and only use £ill
vectors to cure down-facing regions, using uniformly exposed skin
£ill that results in an appropriate skin depth. This is a viable
method of obtaining uniform exposure and therefore cure depth,
but can suffer from distortion problems, as a relatively rigid
frame (boundary and cross-~hatch) is generally.required to keep
the skin from distorting as it is drawn. As described
previously, if speéial attention is paid to the drawing order of
the vectors, this method can be made viable.

A second approach is to draw boundary and modified hatch
vectors to the full desired depth. First, hatch vectors must not
be permitted to cross other hatch or boundary vectors to avoid
extra depth being added to these solidified crossover regions.
The remaining pockets are filled in with small skin £ill vectors
that do not cross any of the cured boundary or hatch lines.

This second approach can be implemented, for example, by
either of two methods.

The first method is based on a single direction of hatch
being drawn as uninterrupted vectors with hatch that runs in
other directionsl"jumping“ the points where they cross the first
hatch type and where they cross each other. These hatch vectors
are broken into their required components and stored in an output
file for controlling the movement of the scanning mirrors
{sometimes referred to as an .SLI file). In addition to hatch
vectors that are drawn part of the time and jump the other part
of the time, individual skin fill vectors can be created to fill

each pocket that is formed by intersecting hatch and/or boundary

o e —
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20 i npl emented from present 3D Systens software. This inplenentation is
only partially satisfactory. Proper utilization of this enbodinent requires
nodi fied software. The inplenentation fromthe present software is done by

sI|C|ng)the object with a S|ngle type of rosshatch vectors (e.g. 25 X
vectors) wt n YRS er bul | ets of
mat eri al tﬁﬁ?téxlfg Cth?%é n%%ﬂ ‘ﬁ;e obje s’[télhl‘cieig'l a sec'osn tél 2\% with the

part offset by J4hg é&'@oﬁ&%éﬁgo@'i%n%afsga Qh@ﬁﬂd&kdoq{é&!wiamd ¥kilno gile

chosen crosshat©
vectors being stored in the SLI file along with a system (e.g.,

' as part of the mirror driving system) that uses slice, beam
profile, vector intersect direction, and cure depth parameters to
break down vectors into drawing and jumping elements depending on
whether they cross a hatch vector, boundary vector, or whether a
hatch vector is underneath the vectors being analyzed.

These two methods falling within the second approach require
definition of what it means for hatch and skin £ill vectors to
cross or lay on top of hatch or boundary vectors. This
definition can be based on a determination of how closely an
exposed vector (both skin and hatch) can approach a hatch or
boundary vector without causing an increase in maximum cure depth
in that region. .

The first method of this second approach may result in
creating large .SLI files and large associated vector loading
times. Accordingly, the second method of the second approach is
currently more preferred, when used in conjunction with a look-up
table. -The contents of such a table in each instance will vary,
depending upon the slice parameters used, beam profile
characteristics, and desifed cure depth to be obtained, and can

- be routinely formulated for any required set of parameters by one
of ordinary skill in the art. This system can optionally be
adapted to account for approach angles between vectors.

The third, and currently most preferred, approach is based
upon matching skin parameters to hatch parameters, to avoid
duplicate exposure by skin vectors of regions cured by hatch
vectors. The duplicate exposure could result from skin vectors

running parallel or antiparallel to the hatch vector regions.
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direction (e.g. the Y-axis). The two objects are nerged together 30
using options that shift the second file by -1/2 the crosshatch 47
spaci ng al ong the perpendicular direction (e.g. Y-axis) and 1/2 the
crosshatch spacing along the X-axis. Al so the nerging options used renove
all the vectors fromthe second slice fi%%

This approach differs from the above-described approaches in that

the skin vectors are drawn over the cross-hatch, giving
édditional exposure to hatch vectors that are not parallel to the
skin vectors as drawn. This continuation of skin fill vectors
will keep the .SLY file size from becoming too long. This
approach is collectively illustrated in FIGURE 3. It will be
noted that the skin £fill in FIGURES 3c and 34 is discontinuous in
areas corresponding to the x~ and y- hatch running parallel
thereto. The uniformity of the resulting cure depth is
illustrated in

FIGURE 4.

A down-facing skin area, or "region," can be divided into
categories or "subregions," based upon the nature of the
exposure, i,e., whether and to what extent there is overlap
between different vector exposures, as follows:

subregion 1 -- skin exposure only;

subregion 2 -- skin and hatch overlapping exposure;
subregion 3 ~- skin and boundary overlapping exposure:;
subregion 4 -- hatch and boundary overlapping exposure;
and subregion 5 -- skin, hatch and boundary overlapping
exposure.

Several approaches are suitable for exposing subregions 1
through 5 such that-each fegion will be given the same net
exposure. In the presently most preferred embodiments, three
criteria are paréﬁount.

First, to provide a suitably rigid frame to support the skin
£ill, the following drawing order is preferred: first, boundary
vectors, then hatch vectors, and finally £ill vectors are drawn.

Second, the £ill vectors and the hatch vectors preferably

begin and end short of the boundary vectors by 1/2 the ECW of the
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except for the cross-hatch vectors. Then the resulting file is 5 edited
to renove the hatch vectors fromalternating slice files on alternating

| ayers. When vectors are cured using the present software they are not
cured by a continuously sweeping beam but by a beamthat junps a snal

di stance (e.g. integer nultiples of 0.3¢m311s) known 10 as the stepsize

or SS, and then it waits at each | owed SS ition a period of ti k
2% The of CheuERTIveRtaRs Ak ing, LRES AeRaNT HhEs BB ol aRRseRebhts) . Tho

parthU|arTh1s reduces subregions 3, 4, and 5 to regions that contain
boundary vectors only, such that the boundary vectors should be
given the full exposure required in order to attain the desired
cure depth.

Finally, a set of £ill vectors are preferably drawn paréilel
to each type of hatch vector used, and all fill vector types are
preferably given the same exposure, with the exception that f£ill
vectors should not be allowed to contribute to further exposure
in the regions exposed by their parallel hatch type. For
example, if x- and y- hatch are used, then x- and y- f£ill are
also used. Also x- fill vectors will only be created that are
spaced at least 1/2 the ECW of the hatch lines away from the x-
hatch vectors. A similar relationship should be maintained for
y- £ill and y- hatch.

This means that subregion 1 will have an exposure equivalent
to the combined exposure of each fill type. Using the same
example of x- and y- hatch and fill, each £ill type should be
exposed to 1/2 the exposure required to obtain the desired cure
depth. Limiting £i11 vector exposure in this manner has a
profound effect on subregion 2, which can be considered to
consist of two microregions: a) a microregion containing
overlapping of the various hatch types as well as the various
£ill types, and b) a microregion containing a single hatch type
and the various fill types. Fill vectors will be absent from
this first microregion since they have been excluded to avoid re-
exposing hatched areas, Accordingly, the first microregion
receives its total exposure from that of the combined hatch
types. Thus, for x- and y- hatch, each hatch type will

contribute 1/2 the needed exposure. For the second microregion,
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positioning for both timng and junping is based on the begi nning point of
each vector that is drawn. Wien the object is built, 15 the SS val ue
used is equivalent to the spacing between vectors (e.g. 12 mls or
approximately an SS value of 40). Since the two files were offset when they
were sliced along the direction perpendsgul ar to the hat ch direction and

bul 1 et 20 BT, S GrPeRRes i PR Bravisel By (Fhe ERIE bR bat g

layers. Sighg & denla8Rale’ By "BIgCdybbsrerakl a6L éam&a&@;%@eﬁ. This
results in the total exposure being given by the exposure of one
hatch line plus the exposure from all but one of the skin types.
Therefore, the number of exposure sources is equal to the number
of cross hatch types, and hence, to the number of skin f£ill
types. Using x- and y- hatch, for example, 1/2 the exposure in a’
region of x- hatch is provided by this hatch and the other 1/2 is
provided from the y- £ill and vice-a-versa.

This most preferred approach can be summarized as follows:

The preferred curing order begins with boundary vectors, followed
by hatch vectors, and finally by fill vectors. The boundary
vectors provide the desired cure depth. The skin and hatch
vectors are shortened due to the ECW of the boundaries
(shortened by the EEP). The £ill vectors are not allowed to
contribute to the exposufe (be created) within 1/2 the ECW of
either side of a parallel hatch vector. Each combination of
hatch type with its parallel skin type is used to achieve a
uniform cure depth. Each hatch vector and net exposure of its
corresponding fill type is given the same exposure. Therefore,
the individual f;actional exposure (IFE), a dimensionless
fraction of the needed exposure, given to each type is the

reciprocal of the number of different hatch types (NHT), i.e.,

IFE = 1 / NHT.
A preferred embodiment of the above is based on the use of
the presently preferred cross hatching method. This preferred
hatching technique utilizes x and 60/120 hatch instead of x- and
y- hatch. While the foregoing discussion relates to general

preferred methods of reducing "waffle" appearance, it is most
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by 1/2 the cross-hatch spacing along the direction of the crosshatch the
X-val ue associated with each conponent will be offset by 1/2 the crosshatch
spaci ng between alternating |ayers. 25 Thi s met hod of

i npl ementation is useabl e but not always satisfactory since in sonme of the
extreme val ues, the X-conponent of each &&ector fall slightly (1/2 the

crosshat ch pyaeei el ' SkedeniHendtauades waeklé heducdisngeaidwal i@t her
sof tware based nethods of inplenmentation using the present software are

based on sldonnegtfth withhehpae tpreseotlypreferredbdatabovrpenit ihere each part

's sliced equally-spaced x, 60° and 120° hatch. The resulting hatch
vectors form equilateral triangles. Accordingly, there will be
regions where there is one hatch vector, and regions where three
hatch vectors overlap, but never, assuming accurate scanning,
regions where only two vectors overlap. The corresponding skin
£111 will be in the X, 60°, and 120° directions. These fill
vectors will égain not be allowed to produce additional exposure
within the 1/2 the ECW of either side of their parallel hatch
vectors and within 1/2 the ECW (taking into the angle of
incident) of the boundary vectors. The order of curing will
again be boundaries first then hatch and then £ill. The
boundaries will be given a full exposure to bring them to the
desired cure depth. The hatch and fill vectors will again be
shortened on each end by the EEP of the boundary vectors. The
hatch vectors will each be given 1/3 the required exposure
necessary to achieve the final desired cure depth. The £ill
vectors will be scanned such that the net exposure in the "skin
only" region will also be given by 1/3 of this exposure.

Except in regions of boundary vectors, to reach full
exposure, each point must be scanned by three vector types of 1/3
exposure frdm each type. In the region of skin alone, if all
three skin types of equal (1/3) and overlapping exposure are
used, a net exposure of 1 will be attained. éimilarly, for a
region of hatch and skin, one hatch type is used, along with the
two sKin types not parallel to it. Each is given an equal
exposure of 1/3 to obtain a region of net exposure 1. If the
hatch vectors form equilateral triangles, it follows that each

time any two hatch vectors overlap, the third hatch vector will
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48 with a layer thickness twice as |arge as desired and one of the parts
Is shifted by 1/2 the layer thickness prior to slicing and then shifted
back during nerging. A useful tool for inplenenting this enbodi nent from
the 5 present software w thout a najor change would be to include a

66

also be present. If each hatch vector is given an exposure.of
173, then the net exposure in this region will be 1.

In regions where boundaries occur, an imbalanced situation
exists due to the presence of a boundary vector as well as the
other vector types described above. The possibilities include
the presence of: 1 boundary + 3 hatch vectors; 1 boundary + 1
hatch +'2 £ill vectors; or 1 boundary + 3 skin vectors. These
combinations can be addressed, for example, in one of two ways:
1) have all hatch and f£ill vectors stop short of the boundary (at
1/2 the effective cure width) and then give the boundary itself
an exposure of one; or 2) select two of the hatch types and the
same two skin types to cure completely up to the boundary and
stop the other hatch and skin type short of the boundary at 1/2
the ECW of the boundary. If the boundary wvectors are given a
1/3 cure, as are the ;ther vectors, this comﬂination results in a
net exposure of 1 in the boundary region. The first of the above
two options is presently the most preferred.

Yet another embodiment is based on the use of x and y hatch
along with the second option described ébove. In this case, the
exposure in the boundary region would be due to the boundary
vectors, one hatch and its corresponding £ill type with the other
hatch and £ill type stopping short. This embodiment has the
advantage of .insuring better adhesion between the boundary
vectors and the £ill and hatch vectors.

still anoth;r embodiment is based on the use of x and 60/120
hatch along with the net exposure in the boundary areas being
made up of exposing boundary vectors along with exposing two of
the three types of hatch and the corresponding £fill vectors.

Other additional embodiments are conceivable. For example,

where a different cure is given to a hatch type and it
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paraneter that would all ow crosshatch vectors to be reduced in I ength at
each end by a specified anount. This would allow shifting along the
direction perpendicular to the hatching direction, along with the reduction
of the vectors created by the 10 second slice by 1/2 the crosshatch
spacing, followed by the reregistrationef the files during nmerging. Al so

i L e e A

bui | di ng agtRet atdtcd hdaRiDl i ©ed,| QRefdidl thé net resulting exposure
still produces the desired skin depth. ‘It is also possible to
exiend this approach to include other sources of print through,
such as that due to crosshatch from the layer above the one that
contains the down-facing feature. The cross hatch on this higher
layer can actually print through the lower layer. Using a
particular material, this print through effect is reduced when
larger layer thicknesses are used and increased when smaller
layer thicknesses are used. Using experimental or analytical
methods, the amount of print through can be determined, and the
cross hatch on the layer containing the down-facing feature can
be given a correspondingly lower cure. After the exposure of
this layer and the following layer, the down-facing feature will
have a uniform cure. In most cases, there are crosshatch vectors
on the layer immediately following the down-facing feature where
the above compensation method would be useful. However, on rare
occasions, an up-facing feature may be on the same layer as a
down-facing feature (therefore the feature is only one layer in
thickness), requiring the hatch and £ill to be perfectly matched
based on the one layer thickness of cure. On layers that have
both up~ and doﬁh- facing features in the same area, it is
important to insure that only the down-facing skin is cured, so
as not to use more exposure than desired.

In the above description, only one effective cure width has
been exemplified to describe the proximity with which vectors can
approach one another, but more than one ECW and EEP can be used
in appropriate circumstances.

The methods described herein have been implemented and

verified experimentally using x- and y- hatch and f£ill without
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15 substantially nore susceptible to curl than the perpendicul ar
orientation, this enbodiment nmay be nodified to that of an enbodi ment of
of fset unidirectional crosshatch. Here the direction of offsetting would be
the direction nost susceptible to curl ang the direction of the vectors
woul d be the less 20 suscepti bl e diref®ion. The ei ght h enbodi nent of the
present inveerd @f meodifipdasoftwaries shwvaiikecbnbanlibesilibed udimdbutland s are
cured so as to solidify material in association with the prevjous
Ccross-sect i ¥n hatch and x- and y- skin fill. The SLI file created can then
be edited by hand, removing the skin £ill vectors that are within
a specific distaﬁce of their parallel hatch vectors (this
distance is the ECW). This SLI file can then be merged with a
support file. The range file can then be prepared giving an
equal cure to the x- and y- hatch, and an appropriate single line
exposure given to the f£fill vectors in order to produce an
equivalent total exposure as that from the x and y hatch.
Alternatively, the software can be modified:
1) by creating a skin type corresponding to 60* cross
hatch and another corresponding to 120° cross
hatch,
2) by creating a slice option (or in some other
appropriate program) to allow an offset for skin
'vectors to not be produced (or not drawn) in the
vicinity of hatch paths, and
3) creating an option to allow reduction of cross
hatch and fill vectors on each end by a required
amount,
Another preferred embodiment of the portion of the present
invention dealing with obtaining uniform skin depth is based on
the idea of using the same exposure for both the hatch vectors
and the skin vectors. The hatch vectors and skin vectors are
drawn at the same scanning speed. In the previous embodiment,
the net area exposures where the same not the individual vector
exposures. In this embodiment there is no need to prgduce
separate crosshatch. Instead, periodically spaced skin vectors

are pulled from the skin list and put into a hatch list for

exposure prior to exposing the remaining skin vectors. These
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as well as the present cross-section. Therefore the cure depth 25 of
each bullet is typically equal to or sonewhat |arger than two | ayer

t hi cknesses. Accordingly, in this enbodinent, it is inportant, when working
with a particular cross-section, to know not only the internal regions of

t he present cross-section but to also krggw the internal overl apping regions

of the preyious cross- 30 section. The %Pacin of the bullets is
somewher e Bettiaddy pxposed £kin vectors function as €rosshatch and as such

this method no longer requires the computation of the ECW for
crosshatch and skin vectors, For the hatch vectors to have

adequate strength in order to form a frame for supporting the
skin vectors, it may be useful to space the skin vectors at a
maximum spacing {but still able to form an adequately uniform
cure depth) so that the individual skin/hatch vectors will be

relatively strong.

Praeferred Methods of Selecting and Determining Cure Depth

To make a theoretical determination of skin thickness, by
one or more methods of calculation, one would ordinarily consider
the parameters of velocity [step period {SP) and step size (SS)],
laser power, beam profile, building material, working curve cure
depth and associated maximum cure width, and vector offset.
However, if a skin is forﬁed that is several times wider than the
laser beam, and a step size and an offset are used that are
several times smaller than the laser beam width, the energy
distribution over the skinned area will be substantially
uniformly distributed. If the energy is uniformly distributed,
the area will be uniformly cured to a particular depth depending
on the exposure. Thus, the exposure is defined as, Energy per
unit area = Laser Power x Step Period / (Step Size x Offset).
This above relationship can be equated to a particular thickness
by plotting thickness versus log of exposure which, if the resin
absorption obeys Beer's law will result in a linear relationship.
From this relationship, one can determine the slope and intercept
of this plot. Since the above relationship does not explicitly
contain focus, profile, and machine working curve parameters, the

constants determined for one machine should be directly usable on
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50 was in the previous enbodi mrent and the di aneter of the bullet at .one

| ayer thickness bel ow the present cross-section. The adhesi on between

| ayers is gained substantially by adhesi on between the sides of the bullets
on the present cross-section at 5 a position one |layer thickness bel ow

t heir upper surface and the sides of the bullets on the previous
cross-section at their upper 70

another machine as long as the parameters of material,
wavelength, and distance from the scanning mirrors to the surface
of the resin are the same (or accounted for).

The foregoing detailed description and following Examples
should be understood as being illustrative rather than limiting,
as routine variations and modifications are within the scope of
the invention as will be appreciated by one of ordinary skill in
the art. Accordingly, it is intended that the invention be

limited only by the appended claims, and all equivalents thereof.
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surface. A side view of the bullet positions on adjoining |ayers is
depicted in FIGURE 11. It is noted that the present enbodinent is
primarily for regions of the object two or nore 10 | ayers from down
facing features. In still other enbodinents, transformation of materi al

that is |ocated on one cross-section mayloccur from exposures given in
associ ation cross-sections two or rs higher up. As discussed

above, several new skinning techniq dvant ageously be used in
connection with this invention, iii!ﬁﬁ£l?

An experiment was ccnducted to determine whether skinning
every layer of a part gives any advantage with regard to
minimizing distortion as compared to building tecliniques based on
_trapping substantially untransformed material within the limits
of the part .

In this experiment, eight parts were built, in groups of
two. Each group included an object built on an elevator platform
in front of the midpoint of the platform and an object built on
the elevator platform behind its midpoint, the objects were
identical except for their locations on the building platform. A
sample object is depicted in FIGURE 12. Each object was a one
inch cube with no top and no bottom but with a wall thickness of
100 mils. Various si}cing and merging options were used to
create four different groups:

Grp Name Description

skntinol

L

Front object has skin on every layer.

Rear object has skin only on top and bottom

layers.
Skntino2 -~ Front object has skin only on top and bottom -
layers.
Rear object has skin on every layer.
Skntin03 - Front cbject has skin on every layer.
Rear object has skin on every layer.
skntinog - Front object has skin only on top and bottom

layers.
Rear object has skin only on top and botton

layers.

All (8 parts) 4 groups were built with the following parameters:
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based on non-consecutive ordering of skin vectors. Traditionally, skin
vectors are ordered head-to-tail, such that a first vector pass is nade
along a fill path from one boundary to an opposi ng boundary, and a pass
along the next vector is then made, slightly offset (e.g., typically from
0.025 to 0.1mm (1 to 4 mils) fromthe f##st), fromthe latter boundary back
to the first. However, itay@s théeRnésgird2oimilaccordance with sonme of the
preferred enbodi nents of this invention, that distortion can be reduced by
approprtate, Cure thickness for layer boundaries - 26 mils
Cure thickness for layer -hatch - 26 mils.
Hatch vectors ran parallel to the x-axis and the
y-axis spaced at 50 mils and skin vectors ran
parallel to the X-axis.
Cure thickness for skin fill was not specified as thickness
but as 1/2 the step period (SP} for a 26 mil cure (with an S§S of
2) and step size (SS) of 16. All skin fill vectors ran parallel
to the x-axis with a 2 mil offset between them. (As a side note,
measurement of skin thickness u%der similar cure conditions
indicated that the cure thickness was approximately 20 mils. The
building material was SLR 800, manufactured by DeSoto Chemical.
Measurements were made on each part to determine the
resulting structural accuracy of the part. No attempt was made
to compensate for cure shrinkage. A series of measurements were
made near the top of each part. The measurements are depicted in
FIGURE 13. They are labeled 501 to 506. Measurements 501 to 503
measure distances parallel to the X axis, while measurements 504
to 506 measure distances parallel to the Y axis. The amount of
distortion of the part along the X-axis is defined as
Distortion (X) = { 501 + 503 ) / 2 - 502,
similarly distortion along the Y-axis is defined as
Distortion (Y} = ( 504 + 506 ) / 2 - 505.
The parts were skinned in the X-direction, the X~-distortion is
the distortion of the wall perpendicular to the skinning
direction and the Y-distortion is the distortion of the wall
parallel to the direction of skinning. ‘

The results are summarized as follows:

skntin01l -
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non- consecuti ve scanni ng and therefore nonconsecutive formation 25 or der
of skin fill . Specifically, the offset I n be :
advant ageously increased (e.g., doubl ed @rrHis.SHEETIHABBER®rie); such that the
successi ve skin vectors have | ess inpact §-or OREPMACEDPNpact, upon adj acent
lines of cured building material for a@8Ven series of passes across the
surface of the Frogtoob§ecB) all haypss tsKinheg {1UnEeheAddiideRRabhy, in one
or nore successive

- distortion of wall perpendicular to direction of

skinning = 3.6 mils
- distortion of wall parallel to direction of
skinning = 9.4 mils
Rear Object, Standard building, skinned only top & bottom
- distértion of wall perpendicular to direction of
skinning = 9.6
- distortion of wall parallel to direction of
skinning = 9.7
Skntino2
Rear Object, all layers skinned along the X direction
- distortion of_wall perpendicular to direction of
skinning = 1.2 mils
~ distortion of wall parallel to direction of
skinning = 8.2 mils
Front Object, Standard building, skinned only top & bottom
~ distortion of wall perpendicular to direction of
skinning = 9.1 mils |
- distortion of walllﬁgrallel to direction of
skinning = 7.0 mils
Skntino3
Rear Object, all layers skipned along the X direction
- distortion of wall perpendicular to direction of
skinning =-1.5 mils
-  distortion of wall-parallel to direction of
skinning = 5.9'mils
Front Object, all layerévékinned along the X diréction
-  distortion of wail.pgtpendicular to direction of

skinning = 2.0 mils . : _ .
- R TR 1-E'ii‘3§i-l
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series of passes, additional skin vectors can be drawn between those that
had been drawn in the earlier series of passes. These enbodi nents
preferably have crosshatch vectors on each |layer as well as skin vectors. 5
Yet anot her enbodi ment according to which distortion can be mnim zed
invol ves skinning in different direction5for different |layers. For
exanpl e, in a part havi ngigtonhibn ofhyath paraddeh taydirecsddnl efers can be
skinned in the x-direction ang even R :
skinning = 7.7 mnils
Skntino4
Front Object, Standard building, skinned only top & bottonm
- distortion of wall perpendicular to direction of
skinning = 11.0 mils
~ distortion of wall parallel to direction of
skinning = 9.7 nils
Rear Object, Standard building, skinned only top & bottom
- distortion of wall perpendicular to direction of
skinning = 9.5 mils
- distortion of wall parallel to direction of
skinning = 7.9 mils
In summary, skinning each layer in the x-direction reduced
distortion in dimensions measured parallel, but not
perpendicular, to the X-axis.
EXAMPLE II
In a second experiment, parts were built by skinning each
layer with skin that was perpendicular to the direction of the
skin on the previous layer. In other words parts were built with
X-type skin £fill on every other layer and Y-type skin on the

other layers. The parts were the same as those described for

Example I, except for the differences in skinning.

Part GB34S
Front Object, Every layer skinned, alternating X and Y types
- Distortion (X) = 4.9 mils
- Di#tortion (Y) = 4.4 mils
Rear 6bject, Standard building, skinned only top & bottom

- pistortion (X) = 4.0 mils
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| ayers in the y-direction, or vice versa. 10 In still another

enbodi nent, skin fill can be provided in both x-"and y- directions on a
given |l ayer having x- and y-cross- hatch, According to a nost preferred
enbodi nent, however, x, 60 and 120 cross-hatch is provided with skin fil
In at | east one 15 of the x, ,60[err],?Sor 120[err] directions, and

preferably, in each of the diT&Erersion (¥} prit § variation of this
enbodinentpaéu:§%g§§ed in nmore detail below, the skin vectors of a given

Front Object, Standard building, skinned only top & bottom

- Distortion (X) 3.1 mils
- Distortion (Y) = 7.4 mils

Rear Object, Every layer skinned, alternating X and ¥ types

- Distortion (X) 5.0 mils

- Distortion (¥} = ~-2.7 mils

Part GB3S1

Front, Standard building, skinned only top & Bottom

- Distortion (X) = 5.3 mils

~ Distortion (Y¥) 6.2 mils

Rear, Standard building, skinned only top & Bottom

9.4 mils

1

- Distortion (X)

- Distortion (Y¥) 6.8 mils

Part GB352
Front Object, Every layer skinned, alternating X and Y types

- Distortion (X) = 2.5 mils
- Distortion (¥) = 3.0 mils

Rear Object, Every layer skinned, alternating X and Y types
- Distortion (X) = 1.9 mils

- Distortion (¥Y) = 4.1 mils

Part GB3S4
Front Object, Skinned on every layer, all skin of the Y-type
- Distortion (X) = 6.0 mils

- Distortion (¥) = 1.0 mils
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direction are not traced directly over the hatch vectors of the sane
direction, thereby avoi ding excess exposure to any given 20 | ocati on.
Mor eover, since exposure is provided in three directions over any given
point in a skinned |ayer, the vector scanning speed can be increased by a
factor of three to yield one-third . of a.,pormal exposure per vector,
resulting in a uniformexposure after al'l" three directional passes are

made. 25 Reafnobject craxitinednon ieverpalaysr," alli skin off fhehKstype
enbodi nent one of the previously nentioned approaches is utilized in
- Distortion {X) = 1.5 mils

- Distortion {¥) = 7.5 nils
In summary, this data héé.substantial scatter but one can
conclude that skinning in x- and y- directions on opposite layers
appears to generally reduce distortion to some extent in each

direction.

EXAMPLE TII1I

Similar experiments to those set forth in Examples I and II
tended to show that providing both x- and y- skin f£ill on each
layer generally reduced distortion in both x~ and y- directions.

Similar experiments to those set forth in Examples I and II
showed that providing X- skin £il1 along with X, 60, and 120
degree hatch on each cross-section substantially reduced

distortion in both directions.

EXAMPLE IV
Four 1" x 1" squares were built in a single build process on
a stereolithographic apparatus. Each square consisted of six 20
mil layers. The structural support for each layer was based on x-
and y- cross hatch, spaced at a 50 mil separation. Each square
was supported by a grid of webs placed at a spacing of 1/4". The
webs consisted of ten 20 mil layers. On the top surface of each
square a standard skinning technique was apﬁlied. Therefore, the
top surface was given x skin £ill spaced at 2 mils on top of a
grid of x- and y- crosshatch. The supporting web structures were
numbered 1 through 4 while the square patches were numbered 5
through 8 (based on the merge order).

on the first 1ayer of each square, x- and y- hatch were
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.exposing individual "tile-like" regions wherein small spacings of material
between the individual tiles are left ‘untransfornmed to act as stress relief

zones. The size of the individual tiles can 30 range fromthat of a
poi nt exposure to that of an entire cross- 51 52 '
T7

applied using a particular exposure along with a particular
| skinning technique and associated exposure, The second through
sixth layers were given the standard 26 mil cure depth for
boundaries and hatch. On the first layer the boundary vectors
were given the full desired cure depth, without factoring in any
reduction in hatch and skin vectors for the purpose of minimizing
multiple-exposures in boundary regions. The skinning/exposure
technique was varied for the first layér of each patch.
Square Patch 5: #Standard Approach to Down-?écing Skins"
boundary = 26 mil cure (SP 65, SS 2)
x- and y- cross hatch = 26 mil curé'(SP 65, SS 2)
x~- skin £il1l = half the SP of a 26 mil exposure
if 85 = 2 (SP 33, SS 16); fill vectors spaced at 2 mils with
no gaps except exact duplicates of hatch.
y- skin £ill = None
Scuare Patch 6: tpown~-Facing Skins with Skin Slightly Under-
Exposed"
x- and y- cross hatch = 20 mil cure (SP 29, S5 2)
boundary = 20 mil cure {SP 29, S5 2}
x- skin fill = SP for a 16 mil cure if SS = 2 (SP 17, SS
16); £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors (this
. means the skin fill vectors that are closest to the hatch
are 6 mils away).
y- skin fili = SP for a 16 mil cure if 88 = 2 (SP 17, SS
16): £ill vectors spaced at 2 mils with vectors renoved that
are 2 mils and 4 mils from parallel hatch vectors.
Scquare Patch 7: "Down-Facing Skins with Skin Exposure Closely
Matched to Cross Hatch Exposure

boundary = 20 mil cure (SP 29, SS 2)
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section, with the nost preferable size range (1/4 of an inch) on edge to
19. 05mm (3/4 of an inch) on edge. Tiling is a nmethod of formng a | ayer of
an obj ect produced by stereolithography, wherein the layer is divided into
a series 5 of area elenents or tiles. Each area elenent is isolated
from adj acent area el enents by spaci ngg8 The spaci ngs around each area

el ement remain untransforned, at least until all neighboring area el enents

or tiles areylransfar r@g{,g J‘%ﬂd'hdi; b80ni &P 4E 199 ,beswegn the individual
tiles are left untransformed to !

x- skin fill = SP for a 20 mil cure if SS = 2 (SP 29, SS

16); £ill vectors spaced at 2 mils with vectors removed that

are 2 mils and 4 nmils from parallel hatch vectors.

y- skin £ill = SP for a 20 mil cure if SS§ = 2 (SP 29, S5

16); fill vectors spaced at 2 mils with vectors removed that

are 2 mils and 4 mils from parallel hatch vectors.
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10 act as stress relief zones. The wdth of the spacing is typically
smal | conpared to the wwdth of the individual tiles. Tiling can al so be
used as anot her technique of curl reduction when inplenmented on a second or
hi gher | ayer above a down-facing feature. Generally no curl is generated on
a down- 15 facing feature so there i®no need for tiling as a curl

reduction technique on a down-facing feature. It should also be noted that
tiling doe&%&é@ﬁéﬁaﬁf y appl YOV TARADY RKiNG WaER jFhes SKR8LishHre is no
underlying structure to attach b&g&)gggggédd" es to

boundary = 20 mil cure (SP 29, SS 2)

x- and y- cross hatch = 20 mil cure (SP 29, SS 2)

X~ skin £ill = SP for a 26 mil cure if 8§ = 2 (SP 65, SS

16).

fill vectors spaced at 2 mlls with vectors removed that are

2 and 4 mils from parallel hatch vectors.

y- skin £1ill = SP for a 26 mil cure if 88 = 2 (SP 65, SS

16);

£ill vectors spaced at 2 mils with vectors removed that are

2 and 4 mils from parallel hatch vectors.

After building these four square patches they were examined,
and none of the parts showed any signs of distortion. Part 5 had
the typical large waffle with cross hatch protruding beyond the
skin. Part 6 had a smaller waffle with cross hatch protruding
beyond the skin. Part 7 had cross hatch and skin £ill cured down
to approximately the same level. However, there were slight
protrusions along the sides of the cross hatch and a slight
depression in the center of the cross hatch indicating that the
skin was slightly overcured and maybe that the skin was not cured
within the proper effective cure width of the cross hatch. Part
8 seemed to have cross hatch whose center line was depressed as
compared to the skin and to a raised overlapping edge where skin
and cross hatch joined. The.size of the discontinuities in Part
8 were larger than those in Part 7. See FIGURES 6a-64 for a
sketch of each of these cases.

A scratch test indicated that Part 7 was almost smooth, Part
'8 was slightly rougher, Part 6 was much rougher, and finally Part

5 was the roughest of all.- A visual inspection indicated that
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during the transformation process, i.e., tiling may be applied 20 only
to a supported area as opposed to an unsupported area. Since the tiles are
i ndi vidual and discreet relatively small areas, the use of tiles limts
shrinkage to the boundary of the tile. This reduces stress and curl on the
tiled | ayer, an especially inportant catsideration in the first few layers

' down- 1 48FRg! PR beshebel RUsRPE e, F o G g ae AL 36 YaFe e ¥
f or mat i on 50f the next several overlying |ayers.
The results of this experiment showed that the technique
disclosed herein reduced waffle considerably. With the
parameters used in this test, hatch strength Appeared to be

sufficient to support the skin without distortion.

EXAMPLE V

Experiments were done to test the usefulness of "Weave" for
building parts without increasing the vertical distortion of the
parts or the need for adding additional supports.

In a first experiment 8 parts were built with the purpose of
determining the most appropriate cure depths to use with the
first pass of crosshatch in a weave building technique. The
parts were built with 10 mil layers, using XB-5081
stereolithography resin, with a HeCd laser of 14.8 mW, and a beam
diameter of 8.7 to 9.0 mils. The parts were built with
boundaries and with X and Y hatch according to the "Weave"
embodiment described earlier. That is, the spacing between
crosshatch vectors was somewhat greater than the cure width
‘associated with curing the vectors. The boundary vectors were
given a 16 mil cure and the cure depth for the first pass of the
crosshatch was varied from part to part. Adhesion between
layers was obtained by the overcure of the boundaries and the net
-cure depth (overcure) of éhe intersection points of 2 equally
exposed intersecting pairs of crosshatch vectors. The cure
depths for the first pass of the crosshatch for different parts
were 7, 8, 9, 10, 11, 12, 13, and 14 mils. It was found that the
parts that used initial crosshatch expoéures to obtain initial

cure depths of 7, 8, and 9 mils showed no sign of curl but they
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On the other hand, a potential disadvantage of tiling is that it possibly

provi des |l ess strength. 30 The spacings in between the tiles can be
transforned or 53 solidified (referred to as grouting or nortar) usually
after all of the tiles have been forned. An entire object can be

81

did demonstrate adequaﬁe adhesion., The parts built with 10 mils
and greater initial crosshatch cure depth demonstrated
unacceptable curl. Therefore, it is concluded that the first
exposure of crosshatch in the preferred weave embodiment should
be based on a cured depth less than the layer thickness. It is
possible that a cure depth somevwhat greater than the layer
thickness would be acceptable for certain materials that wouldn't
show significant bonding between layetrs for small overcures.

A second experiment similar to the above was done to look at
the most appropriate hatch spacing to use with the "Weave"
building method. The material used was XB 5081, the layer
thickness was 10 mils, the cure depth for boundaries was 12 mils,
the cure depth for the first pass of crosshatch was 8 mils, and
the beamr diameter was 8.8 mils (maximum cure width = 10 nils}.
The hatch spacing for the different parts were 3, 5, 7, 9, 11,
13, 15, and 17 mils. It was found that the parts built with
spacings of 15 and 17 mils didn't have adequate structural
integrity. The parts built with spacings of 3, 5, 7, and ¢ mils
showed unacceptable curl. Finally, the parts built with a
spacing of 11 and 13 mils (as well as the parts built with
spacings of 15 and 17 mils) showed no signs of excessive curl.

EXAMPLE VI

An experiment was done to compare the post cure distortion
of parts build using the preferred "Weave™ building method, the
standard building method, and the standard spacing but staggered
hatch building method.

This experiment consisted of building a series of parts with
different building parameters. The parts were then cleaned and
measured on a coordinate measuring machine (CMM). This first set

of measurements measured the green (only partially cured) part.
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made by tiling to reduce post treating. This grouting is usually
transforned to a | esser degree than the tiles (a | ower exposure is used).
By way of exanple, when using a presently preferred material such as XB5081
and 0.125mm (5 ml) layers, tiling may be used in formng the first

t hrough twentieth | ayers above a first Iggyer of a down-facing feature and
especially to formlayers through 10 (assum ng the first |ayer

suppor t ed) The |gaxEs) Hexm ther rﬁqﬁ"tPﬁ?H‘% pepkoed) folilppag by anothar set

of measurements of the parts on the CMM. This second set of
measurements measured the fully cured part.

The parts used in this experiment are depicted in FIGURE 15.
FIGURE 15a depicts two vertical walls built side by side with a
small separation between them. The height of each wall 530 was
1.000 inch. The parts were built and measured while attached to
Web Supports that were attached to the building platform (not
shown). gxqqu 15b depiéts a top view of the two walls. The
length of the walls 510 was 4.000 inches. The width of each wall
500 was 0.100 iﬁches and the separation of the walls 520 was
0.050 inches. Building two substantially back to back walls
allowed each wall to be post cured by synergistic stimulation
coning from substantially one side of the wall. This one sided
curing results in a predictable nonuniform cure of the object and
therefore results in a pgedictable direction of distortion. The
measurements made by the CMM on each wall are also depicted in
FIGURE 15b. Measurements 540, 550, 570, and 580 were made at
approximately 50 mils (0.050 inches) from the edge of the wall
and approximately 100 mils below the upper surface of the wall.
Measurements 560 and 590 were made along the same edge of the
wall and approximately 100 mils below the upper surface of the
wall. Measurements 560 and 590 were made along the same edge of
the wall and at the same vertical position as measurements 540
and 550 and measurements 570 and 580 respectively.. They were
made at the horizontal center of the edge of the wall.

FIGURE 15¢ depicts distortion of the walls induced by post
curing. FIGURE 15c depicts_a top view of the walls. The dashed
lines 600 and ;10 represent the desired shape of the walls.

Whereas the solid lines represent the actual shape of the walls.
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woul d preferably be applied in the range of the 1st through 10th | ayer
especially in the 1st through 5th | ayer above a down-facing feature.
Preferably, the tile size range fromthe width of a | aser beam about

0. 254mm (about 0.010 inches), up to about 3.048 - 3.81nm (0.120-0. 150
inch), with the nost preferred range beigdg from3/4-2 mllinmeters on edge.
The spaci ngs or gaps I n between the tiles should be as snmall as possi bl e,

Wi thin thq}:‘cl Idr&s‘a gne ex__(ilcur C%orI:x (ifegge first wall, the measurements

of points 540 and 550 are connected by a straight line. The
amount of distortion 630 is the length along the perpendicular
distance between the line and point 560. To determine the
distortion of the second wall, the measurements of points 570 and
580 are connected by a straight line. The amount of distortion
650 is the length along the perpendicular distance between the
line and p01nt 590.

The parts were built with 10 mil layers on a standard SLA-
250, manufactured by 3D Systems, using a HeCd laser and building
material ®XB-5081Y, manufactured by Ciba-Geigy. The post curing
was done in a PCA using 10 - 40 watt black light lamps (disclosed
in U.S. Patent Application 07/415,134. The cleaning of the parts
was done ultrasonically in an alcohol bath for 2 minutes. Eight
pairs of parts were built using the standard bounding techniqué
(that is skinning only the up-facing and down-facing features of
the object along with using widely spaced crosshatch to form the
internal structure of the part). Four pairs of parts were built
using the standard building technique with the modification of
staggering the hatch from layer to layer. Two sets of parts were
built using the weave approach.

It was found, from the green part measurements, that all the
parts had practically no distortion after being removed from the
vat and cleaned. The distortion of each part, at this stage, was
less than 1 mil. Therefore to study post cure distortion we need

only look at the post cure distortion data.
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and cure width of a beam of synergistic stinmulation. The typical wdth of
these gaps is in the range of 0.025 - 0.25mm (1-10 mls) after exposure and
cure. It is inportant that the material in the spacings or gaps not be
transforned or solidified sufficiently to transmt stress. Were a scanning
mrror-directed | aser beamis used to 25 transformthe material, the
"junping" speed fromtile to tile across th spaci ngs nust be consi dered.
The mrror(s) directing the | aser has a nonment of inertia which limts its
rate of

The results of the experiment are summarized below.

Building Method Averadge Distortion
| Regular Hatch 12.52 mils
" Staggered Hatch - 8.11 mils
Weave 1.76 mils

From this table we see that both the Staggered hatch and Weave
building techniques lead to a substantial decrease in post cure
distortion. Weave is seen to be especially useful minimizing

this distortion.
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angul ar acceleration. If the laser is to junp fromthe edge of one tile to
t he adj acent edge of another tile, the junping speed :0 iIs limted since
there is gﬁ‘__E‘VETy*sna++~dlstance in which the mrror can accelerate
before it ny Hmﬂ lerate to properly direct the Iaser onto the
WM?}WF Since the junping speed limted, the

edge of th il
material in the a5 Tf'HSSHEETHA S BEEN
REPLACED
CLAIMS

1. A stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the
steps of: ' . ) . ~

identifying any up-facing regions, déwn-facing regions)
and internal regions gf'a'first layeg}

identifying any internal regions of a second layer;

exposing any down-facing region of the first layer to
synergistic stimulation to solidify substantially all area
elements of the down-facing region;

exposing any up-facing region of the first layer to
synergistic stimulation to solidify substantially all area
elements of the up-facing region;

exposing at least a first portion of any internal
region of the first layer to synergistic stimulation to solidify
substantially all area elements?first portion wherein the first
portion has a width substantially greater than the width and
length of the lines of the hatch pattern; and

hatching a second portion of any internal region of a
second layer by exposing the second portion to synergistic

stimulation in lines of a hatch pattern.

2. The method of claim 1 further comprising the steps of

solidifying a skin on internal regions of layers of the object.

3. The method of claim 1 further comprising the step of

hatching the first portion of any internal region.
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gap may be inadvertently partially cured by t he junping laser. 5 In
tiling methods-wherein the laser is frequently junping back and forth

between til es,fh e especially problematic. Inadvertent curing
of the rrateriﬁ!f;ﬂbml Wi ng tile junping bet es-can_be
overcone in s 5 ¢ Sl

al t hough a practical 10 upper limtgés quickly re&acted. L '

mrrors can be made t
a shutter can be provided to both the |aser beam before reaching )
scanning mrrorg, HOYRYGhetHERE BENEcEain S Wukehiér s SiWfihg! the YR8kt i al

hatching the first section with lines of an X/60/120 degree hatch

pattern.

5. The method of claim 3 further comprising the step of

hatching all regions of each layer of the obﬁect.

6. The method of claim 6 wherein all area elements of

down~-facing region are provided with a equivalent exposures.

7. A stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the
steps of:

providing skin f£ill on at least a portion of a layer by
exposing the portion to a first exposure of synergistic
stimulation comprising a first set of nonconsecutive parallel

skin lines; and

exposing the portion to a second exposure of
synergistic stimulation comprising a second set of nonconsecutive
parallel skin lines substantially interposed between and parallel

to the first set of nonconsecutive parallel lines.

8. The method of claim 7 wherein adjacent lines of the
first set are sufficiently spaced apart to prevent lines of

" solidified medium of the first set from adhering to each other.

T




lag and are considered too slow to be effective. Electrically driven

crystal acousto- optlc shutters can be considered. A

i.e., the
t echni que,

the tile (the launch tile) then cr055|ﬁ§ t he gap at maxi num vé '
di stant point an.the sireaithbgtapicheethotliafgconbbyucting @anarbitctand

begi nni ng

“long junp" technique is the nost preferafle:
the laser is junped froma far edge of a*

20 to transformthe area of the tile near its far edge

maki ng t heoy Sogmingstadked ds¥ernef 2 safivmisoidddfied e SXPORHFE h“‘t 0

synergistic stimulation applied in a pattern, comprising the
steps of:

forming a skin on at least a portion of a layer by
exposing the medium to synergistic stimulation comprising a first
set of parallel sk1n lines:;

further solidifying the portion by exposing it to
synergistic stimulation comprising at least one second set of
parallel skin lines, said lines in said at least one second set

being non-parallel to said lines in said first set.

10 . The method of claim 9 wherein the lines of.the first

set and second set are perpendicular to each other.

11 . The method of claim 9 wherein the skin lines of at

least one of the first set and second set are non-overlapping.

12 . The method of claim 9 wherein the skin lines of at

least one of the first set and second set are overlapping.

13, fThe method of claim 9 further comprising the step of
hatching the layer prior to exposing the first and second sets of

skin lines.

14. The method of claim 13 wherein the hatching comprises a
first set of parallel hatch lines and a second set of parallel
hatch lines, with the lines of the second set of hatch line not

parallel to the lines of the first set of hatch lines, and the

e
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accel erate such It passes over the gap at a high speed and decel erates
to the | andi ng pqiat fromthe gap. Tiles can be formed in various
patterns and shag&ﬂv e c way is to formsguare or rectangul ar
tiles in a strai oL ife £ i i.e., with the gapITH ¢
ext endi ng conti nuously i ny A directions of the Iaye
directions). However, wth thig grid pattern, the grov
are relatively |ong Iengths of mat eri al 88hi ch when 30

to curling. , Moreover, the tiles form ng the
first set of hatch lines runs parallel to the first set of skin

lines, and the second set of hatch lines runs parallel to the

second set of skin lines.

15. The method of claim 13 wherein the hatch lines of the

first set are perpendicular to the hatch lines of the second set.

16. A stereolithographic method of constructing an object
by forming stacked layers of a medium solidified by exposure to
synergistic stimulation applied in a pattern, comprising the
steps of:

/ solidifying a first skin on at least a first portion of
a first layer by selectively exposing medium to synergistic
stimulation comprising a first set of parallel skin lines;
solidifying a second skin on at least a second portion
of a second layer by selectively exposing medium to synergistic
stimulation comprising at least a second set of parallel skin

lines which are not parallel to the skin lines of the first set.

17, A wmethod for reducing irregularities in cure depth of a
region of a layer of an object made by stereolithography,
comprising the steps of:,

at least partially solidifying a first portion of a

region of a layer by exposing the first portion to synergistic

T \%——J-‘_\ .
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54 S[ﬂpLg_g_Ld_paP%e%ﬂ~are not structured to resist curling in either

di rection cau p age of the grout |ines durigg.guring. Thus, the
strai ght g ik has two axes of weakness. A vnnroved
tile patt sev or staggered grld i

89

stimulation comprising at least a first individual set of lines,

which lines of each set are spaced apart ffom each other so that
no direct adhesion occurs between material at least partially
solidified in association with each individual set;

at least partially soiidifying a second portion of the
region of the layer, which at least substantially includes all
area elements not at least partially solidified in association
with the at least first.set, by exposing the second-portion to
synergistic stimulation comprising at least a second set of
lines, wherein the lines of the at least second set result in a
net exposure in area elements of material not at least partially
solidified in association with the at least first set, wherein
the combined exposure of the at least first set and the at least
second set resqlf‘in substantially the same exposure in the area
elements which we;e at least partially solidified in association
with the at least first set, wherein the lines of the second set

are adhered to each other and to the lines of the first set.

18. The method of claim 17 wherein the lines in each
individual set of the at least first individual set are parallel

to each other.

19, The method of claim 18 wherein corresponding to each
individual set of the at least first set is an individual set of
the at least second set which has lines running parallel to the

corresponding individual set of the at least first set.

20, The method of claim 19 vherein corresponding individual

sets of the at least first set and at least second set do not

overlap each other.
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wherein the tiles are staggered in alternate rows, like bricks in a
horizontal wall. Wth the tiles in,this staggered grid pattern, the grout

| i nes extend continuously only in one axis, rather than in two axes as with
the straight grid pattern 10 descri bed above In addition, in the
staggered grid pattern, the grout lines neet only at "three-way"
intersections rather than four-way intersections as ffa-the straight grid

pattern. _Cbnsequently, the grout 1ines2Ban shrink froﬁ?@ﬁﬁag@‘A
as the ti shri-nkage fraom one side. Theista

! Hﬂlﬂ IIII\ LA

21 . A method for reducing irregularities in cure depth of a
region of a layer of an object made by stereolithography,
comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprising a first set of lines space§ apart from
each other so that no direct adhesion occurs between the lines;

at least partially solidifying a second portion of the
region of the layer, which at least substantially includes all
area elements not at least partially solidified in association
with the first set, by expodsing the second portion to.synergistic
stimulation comprising a second set of lines, wherein the
exposure of the second set when combined with the exposure of the
first set result in substantially all area elements being given
similar exposures, wherein the lines of the second set are

adhered to each other and to the lines of the first set.

: Tms&wﬂihsﬁmnk
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15 grid pattern has only one "weak axis" i.e., along the uninterrupted
grout lines, whereas the straight grid pattern has two weak axes. The tiles

in the st reduce curl -and al so ngke_a stronger | ayer by
di stributi ngypiBake ke relatively | ong grout ""§§Sﬂf pding in a
Subotantidi 1\ Mlﬂliﬂ staggered grid patternfcan § P?nkIAs BEEN T
substanti al | 9 gamot- cause the plane of the [aye oCBend

upwardly, 'as the alternating tiles are ahl e to resist bendlng As
bui lding material is cured, using preferred materials

22, A method for reducing irregularities in cure depth of a
region of a layer of an object made by stereolithography,
comprising the steps of:

at least partially solidifying a first portion of a

region of a layer by exposing the first portion to synergistic

stimulation comprising a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines,
at least partially solidifying a second portion of the
region of the layer by exposing tﬁe second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set, and wherein at leasf-some individual area
elements, exposed by the lines of the first set and the lines of
the second set, receive a maximum exposure where they overlap:;
at least partially solidifying a third portion of the
region of the layer, which at least substantially includes all
ared elements not receiving the maximum exposure resulting from
the combined exposures of the first and second sets, by exposing
the third portion to synergistic stimulation comprising a third
set of lines, wherein the combined exposure of the. first, second,
and third sets results in.substantially all area elements being
given similar exposures, wherein the lines-of the third set are
adhered to each other and to the lines of the first and second

sets.
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QXB 5081) Mf approxi mately 2-3 seconds prior to 25

shri nkagé ‘y;u“: Consequently, if no groys used, the tiles
can be for i g |b| e. However, in enbodr?ﬁﬁ&sg i | ude
grout , thet|1e§ m&st"besc d first and al l owed to | '

seconds) prior to laying grout. Tiles ca& be cured by skint

ski nning can be formed 30 using nulti- ve, ,rivets ]
ot her tgchm que3§- 55A method for re ucing 1rP S].ar %es in cure aegéh"\@_ a S

region of a layer of an object made by stereolithography,

comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprising a first set of lines spaced apart from’
each other so that no direct adhesion occurs between the lines;

at least partially solidifying a second portion of the
region of the layer by exposing the second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set;

at least partially solidifying a third portion of the
region of the layer by exposing the third portion to synergistic
stimulation comprising a third set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the third set, and wherein at least some individual area
elements, exposed by the lines of the first set, the lines of the
second set, and the lines of the third set, receive a makximum
exposure where they overlap; .

at least partially solidifying a fourth portion of the
region of the layer, which at least substantially includes all
area elements not receiving the maxiﬁum exposure resulting from
the combined exposures of the first, second, and third sets, by
exposing the fourth portion to synergistic stimulation comprising
a fourth set of lines, wherein the combined exposure of the
first, second, third, and fourth sets results in substantially
all area elements being given similar exposures, wherein the

lines of the fourth set are adhered to each other and to the

lines of the first, second, and third sets.
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di scussed previously or discussed in previously |ncorporated applications.
These curl reduction techni ques a1|om/the tiles to pe

wi t hout incurri nglﬂum"mm HHUM|. The tiles can i ng
skin fill over KI5 f ace 5 and t hd next
tile. Alternatlvely, “the til&s tan be %grtlally cured (e.g., I ne

trace) followed by partial curing of othér tiles, and then returning one or

nor e
24, A method for reducing irregularities in cure depth of a

region of a layer of an object made by stereolithography,

comprising the steps of:

at least partially solidifying a first portion of a
region of a layer by exposing the first portion to synergistic
stimulation comprising a first set of lines spaced apart from
each other so that no direct adhesion occurs between the lines,

at least partially solidifying a second portion of the
region of the layer by exposing the second portion to synergistic
stimulation comprising a second set of lines spaced apart from
each other so that no direct adhesion occurs between the lines of
the second set, and wherein at least a portion of the lines of
the first set and a portion of the lines of the second set adhere
to each other, and wherein the lines of the first set do not
overlap the lines of the second set, wherein at least some
individual area elements exposed by the lines of at least one of
the sets receive a maximum exposure;

at least partially solidifying a third portion of the
region of the layer, which at least substantially includes all
area elements not receiving the maximum exposure resulting from
the exposures of the first and second sets, by exposing the third
portion to synergistic stimulation comprising a third set of
lines, wherein the combined exposure of the first, second, and
third sets results in substantially all area elements being given
similar e#posures, wherein the lines of the third set are adhered

to each other and to the lines of the first and second sets.
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tinmes to fuly . KB lously partially cured tiles. In the staggered
grid pat terf‘m:mlmmnm‘) 3kigrout |ines 10 ext endir iy en in the x
direction al sb causes®shtinkage in the y direction ijnd

y direction curl. Triangles are another pattern shapfe-wh
tiling. These patterns can be replicati®4 triangle patterns usSTAg—a—si ngl e
triangle size ah¥l. stapestind Fore@dtaaiindng patdodddiffcationsdagthronnd es of
different shapes. |In addition, patterns of randomtriangl es can al so be
used, so | 3gShs® REEIAR afigeskin of a three-dimensional object being

formed by stereolithography from a medium solidified by exposure

of a set of spaced skin lines to a beam of synergistic
stimulation having a scanning velocity, comprising the steps of:
a) determining the power of the beam of synergistic
stimulation;
b) determining the spacing between the skin lines;
c) determining the scanning velocity of the beam;
a) calculating the exposure which the beam provides;
e) specifying medium parameters of the medium
relating solidification depth to exposure; and
£) determining the solidification depth from the
calculated exposure and the relationship between solidification

depth and exposure.

26 . The method of claim 25 wherein the medium parameters
are contained in a graph of expusure versus solidification depth

for the medium.

27 . A method for selecting exposure parameters to provide a
desired depth of a skin formed from a set of spaced skin lines on
a layer of an objec@ made stereolithographically by forming
stacked layers of a fluid medium solidified by exposure to a beam
of synergistic stimulation having a scanning velocity comprising
the steps of:

a) selecting the desired skin depth:

55 specifying the medium parameters of the medium
. relating solidification depth to exposure;

c) determining the exposure required to obtain the

desired skin depth, using the material parameters of the medium

- REPLACEMENT SHEET
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match to create an acceptably narrow gap. Wth patterns of random
triangles, the grout lines can all be nade short and interrupted so as not
to create any weak axes. 20 _ The hexagon
shape. Hexagons can be cl osed packed to form solijd by thin
Isolating lines. A pattern of hexagon tiles has n | ong
grout lines. Follow ng the hexagon til-e9®&ttern (Figure 17a) in declining
order of preference are random order and size triangles 25 (Figure 17b),
hi gher order triandgles speigifiving7&po ofahgamepoyerd 8kin line spacing

and scanning wvelocity;

| $emmidfaor I
&ﬁgls..%%tg eferable tile

e) calculating the remaining unspecified parameter
of step d) using the exposure and two parameters specified
in step 4).

. 28. The method of any preceding clain, wherein the
medium comprises a photopolymer.

29. The method of any preceding ¢laim, wherein the
synergistic stimulation comprises UV light.

30. The method of any preceding claim, further
comprising the step of reducing any curl by using a
technique selected from the group consisting of smalleys,
rivets, webs, multipass and the combination thereof.

31. The method of any preceding claim, wherein the
medium comprises a powder.

_—
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square tile patterns (brick wall) (Figure 17d),-straight grid tile patterns
(Figure 17e), square regular array oppositely paired triangles (Figure 17f)
and square array regular triangle patterns (Figure 17g). OQher patterns
besi des those depicted in 30 Frgures 17a-g exi st which | ead to regions
of reasonably isotropic 56 ' '

96

IMPROVED STEREOLITHOGRAPHIC CONSTRUCTION TECHNIQUES

BSTRACT
Improved methods for building stereolithographically-formed
parts include providing skinned layers in more than the up- and
down~ facing features of thé part, to methodé for avoiding over-
exposure of down-facing regions at points of intersection of

exposing vectors, and to methods for determining skin thickness.

Figures 14a and 14b
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cure and no weak axis planes (e.g. regions fitted by two or types of

pol ygons or close packed circular tiles. In formng layers with tiling, it
is preferable to stagger the tile positions fromlayer to.layer, such that
the tiles and 5 adj acent | ayers do not align with each other.

Ofsetting tiles between | ayers inproves strength w thout unduly increasing
curl. Tiles that are aligned or nonlsuaggered fromlayer to |ayer, (i.
colums of tiles) may be acqeptapte—for—t+t+tnrgyin the first fem/Iayers
above a down-facing featurej Followed by
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10 conversion to a nethod of building that connects the isolated tile
regi ons toegether. However, if an entire object {(excluding a down-facing
portions of layer) is built with tiling, staggering of tiles between |ayers
is desirable. The stagger can be intermttent, i.e., with groupi ngs of
short columms of tiles 15 t hroughtut the object. If grouting is

provi ded, staggering of tiles between |ayers may not be required for
strength, but nay be preferablge for honogeneity. Additional disclosure

useful . for |rrplerrent?£?tllln fl s set
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forth in U S. Patent Application, Serial No. . , 20 entitled
Bool ean Layer Conparison Slice, Docket 190/217, filed by Snead et al, which
application is incorporated herein by reference. This application

di scl oses use of a across-sectionahgggnparisons to determ ne down-facing
and other features associated with 4 h cross-section. These techni ques can
readily 25 be extended to determne areas to be tiled. These areas to

be tiled may include regions which are 1 or nore |ayers above down- facing

features. Thg-Tnnﬁr-preFerred—ﬁﬁthpd of inplenmenting:
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tiling, as well

the building representati on, where these deviations 57

as ot her skintinuous nethods diéc{osed her ei n,
devi ati ons between the object design or desired objection 30

I s through
desi gn and
are incorporated

by a slice type program The nodifications to the slice program for

i mpl ementing tiling can include ut#fizzation

47 £c
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of sets of alternating closely spaced and further spaced hacth paths. The
area between the closely spaced paths determnes the 5 grouting or gap
regi ons whereas the area between the further spaced paths determ nes the
areas to be filed. A second preferred nmethod is by formation of a vector
set of skinning vectors which are dd#¥i nuous across the regi on which can be
br oken down into portions of vectors to be cured and portions to 10 be

| eft uncured. This process of determ ning portions for curing and portions
for not curing can be made in the process conputer

ot
7
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as part of a build programor the like. O course, other nethods of

I npl enmentation exist. A main thrust of several of the above nentioned
enbodi ments 15 i s achi eving maxi mum solidification with mninmm
distortion prior to attachnent of adjacent |ayers. Conplete unattachnent

for too long a period of time can lgag to drifting of solidified nmateria
out of it designated position. One nethod of maintaining the positioning of
floating solidified material wthout inducing curl 20 into a preceding

| ayer is to attach only one point of each vector
A5 ba
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7
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(e.g. each hatch vector of the first pass of
approach) to the preceding |ayer (which wll

pl ace). Then the one point anchored vectors, which have been floating, are
scanned an additional pass to conplete 25 the curing process and to

I nsure adequat e adhesi on between bpprydari es and hat ch. erically,

mul tiscan techni ques can be used with nmany of the odi nents to help

reduce curl. The nult|sga2/naf‘5§"aone iTi THe Tormoflnul tiple passes over
i ndi vi dual vectors or it

hat ch when using the weave
tend to fix the vector in
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30 may be done by crossing of vectors or by Yiveting areas together, 58
or the like. The use of Smalley's and other curl reduction techniques may

al so be readily used in conjunction with many of the above enbodi nents to
reduce various distortions.
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5 An addi tional approach to mnimzing eurl in the various

ski ntinuous enbodi nents is called "Strong Arnf'. In this approach the first
| ayer of an unsupported region is given extra cure to make it stronger and
therefore better able to resist the curl that the weaker, thinner upper

| ayers will attenpt to induce in 109/17it. O her distortion reduction
techni ques defined in the definition section of this application can al so
be used. Preferred Methods of Cbtaining Uniform Exposure
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15 Turning to FIGURES 1 and 2, it wll be seen that mul ti pl e exposure of

boundaries 10, hatch lines 12, and skin fill 14 wll |ikely cause cure
depth variations as depicted in FIGURE. 2. To obtain a snooth down-facing
regi on, the net exposure over 20 all the area elenents nust be the sane.

While uniformcure depth is necessat$/or snmooth down-facing features, it
I S not necessary to achieve snooth up-facing features. These up-facing
features attain their snmooth surface finish fromthe snoot hness of fhe
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bui I ding material working surface (e.g. resin surface), and from 25
adequate strength of skins preventing their collapse fromvarious forces

i ncludi ng shrinkage during post-curing. There are three main approaches
that are exenplified herein to attain uniform exposure, particularly of
down-facing regions. Wile the thingsgpproach is nost preferred, the other

two are 30 within the scope of the invention, as are variations of al
three 59
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that will be apparent to one of ordinary skill in the art in light of the
follow ng description. A first approach to avoid differential exposure is
to avoid the use of both boundary and hatch vectors, and only use fill 5
vectors to cure down-facing regions, using uniformy exposed skin fill that
results in an appropriate skin dept¥2/17his is a viable nmethod of obtaining

uni f orm exposure and therefore cure, depth,
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but can suffer fromdistortion problens, as a relatively rigid frame
(boundary and cross-hatch) is generally required to keep 10 the skin
fromdistorting as it is drawn. As described previously, if special
attention is paid to the drawing order of the vectors, this nmethod can be
made vi able. A second approach is tg ggpM/boundary and nodi fied hatch
vectors to the full desired depth. ? t, hatch vectors nust not 15 be
permtted to cross other hatch or boundary vectors to avoid extra depth
bei ng added to these solidified crossover regions.
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The remai ni ng pockets are filled in with small skin fill vectors that do
not cross any of the cured boundary or hatch lines. This second approach

can be inplenented, for exanple, by 20

either of two nethods. The first

met hod i s based on a single direction of hatch belng dramn as uninterrupted
vectors with hatch that runs in other dlrectlons "junpi ng" the points where

they cross the first hatch type andt re th JJ°r 0SS each other. These
hat ch vectors 25 are broken into thelr‘96§2 red conponents and stored in
an out put 5z&;
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file for controlling the movenent of the scanni Ag mirrors (sonmetines
referred to as an .SLI file). In addition to hatch vectors that are drawn
part of the tine and junp the other pa S e time, individual..skin fill

b d fill 30 ok harig f T
oS e e et L0 sy | Lo ke o eREPLACEMENT SHEET
stored in the .SLI file. 26 SEP 1996 |

HEXAGMHE  THF
|7 LINES

0T TILF

7 i ~

MECTIG A :

JOMDARY

i e
Al L7 2. T £5 “

TR AR TIE
GROGTLNES

—— N0 B985V BENDMIE AXIS

0071l DA (805552 TIOWAL

LAVED RIPHED LBtk APBIT-
A A7 LARIY OBIENTED AMD 5/2ED
|  TRUANANAL THES.

A'*\—\Z‘Q/AAM/M,Q THE nﬁsmmas ;;;epmed_
i II/I///III/////I/I//I/
VAVAY
VA

WY

_—se)7 L E
EASY BENDING AXIS(OMLY ONE)

PORTION OF A (2055-SELTIONAL LAYER
Arm 70 FOOMED USIMG HigH OPDER TRINGLES



The second net hod is based on standard hatch and:skin fill vectors being
stored in the SLI file along with a system(e.g., as part of the mrror
driving system that uses slice, beam5 proflle vector intersect
direction, and cure depth paraneters to break down vectors into draw ng and
j unpi ng elenents dependi ng on whet her they cross a hatch vector, boundary
vector, or whether a hatch vector isléfddlerneath the vectors belng anal yzed.
These two nethods falling within the second approach require 10

definition of what it neans for hatch and skin fill vectors to
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cross or lay-on top of hatch or boundary vectors. This definition can be
based on a determ nation of how cl osely an exposed vector (both skin and
hat ch) can approach a hatch or boundary vector w thout causing an increase
i n maxi num cure depth 15 in that region. The first nethod of this second
approach may result in creating Iar%e .SLI files and | arge associ at ed
vector loading tinmes. Accordingly, #hél%econd method of the second approach
is currently nore preferred, when used in conjunction with a | ook-up
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de5|req~gu%e~ PRt obes : Y 2
required, set of paraneters by one of ordlnary Skl|| in the art Th|s system
can optlonally be 25 adapted to account for approach angl es between A
vect of s.i The third, and currently nost preferred, approach is based upon -
natchlng»skln parameters to hatch paranmeters, to avoid duplicate exposure

by ski'n vectors of regions cured by hatch | DRVCHEXEMPLIR,
v _________\ﬁ—__
-IMPROVED STEREOLITHOGRAPHIC
CONSTRUCTIONTECHNIQUES.-

BACRGRO OF THE INVENTION

4;545_;gplig§§jg§§:§§_aﬂ;nnzinuation—inﬁaazt.dz-UrST—Paten%~b//
ApplicationSN-07/429;435,

Field of the Invention

This invention relates to the field of stereolithography,
which is a technique for making solid, three-dimensional objects
(or "parts") from solidifiable materials (e.g., fluid or fluid-~
like material such as photopolymers, sinterable powders, and
bindable powders).

In recent years, stereolithography systems, such as those
described in U.S. Pat. No. 4,575,330, issued March 11, 1986 and
entitled "Apparatus for Production of Three-Oimensional Objects
by Stereolithography," have come into use. Basically,
stereolithography is a method for automatically building complex
three-dimensional parts by successively solidifying thin cross-
sectional layers. These layers may be composed of photopolymer
resin powdered materials, or the like. Some types of powder
materials are converted from a fluid-like medium to a cohesive
croésfsection by melting and solidification. The layers are
solidified on top of each other consecutively until all of the
thin layers are joined together to form a whole part.
Photocurahls polymers change from liquid to solid upon exposure

to synergistic stimulation. Many photopolymers exist whose
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photospeed (rate of transformation from liquid to solid) upon
irradiation with ultraviolet light (UV) is fast enough to make
them practical model building materials. In a preferred systenm,
a radiation source (e.g., an ultraviolet laser) generates a beam
which is focused to a small intense spot which is moved across
the liquid photopolymer surface by galvanometer or servo type
nirror x-y scanners. The scanners are driven by computer
generated vectors or the like. The material that is not
polymerized when a part is made is still functionable and remains
in the vat for use as successive parts are made. With this
technology, the parts are literally érown from a vat of fluid-
like material (e.g. resin or powder). Specifically, the parts
are grown from a thin layer near a surface of the vat of fluid-
like material. 1In this manner precise complex three dimensional
patterns can be rapidly pfoduced. This method of fabrication is
extremely powerful for quickly reducing design ideas to physical
form for making prototypes.

This technology typically utilizes a stereolithography
apparatus, referred to as an "SLA," which generally includes a
laser and scanner, a photopolymer vat, an elevator, and a
controlling cempufer. The SLA is programmed to automatically
make a three-dimensional part by forming it as a sequence of
built-up cross-sectional layers.

Stereolithégraphy represents an unprecedented way to quickly
make complex or simple parts without tooling. Since this
technology depends on qsing a domputer to generate its cross-
sectional patterns, there is a natural data link to computer
aided design and manufacture (CAD/CAM). However, such systems
have presanted challenges relating'to structural stress, shrink-

age, curl and other distortions, as well as resolution, speed,
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Sklﬂ NVector
keep. the S I e sk Ha{s g Ao, 0
col l-ectd vel y |IIustrated i n FIGURE 3 TtwiT
in FIGURES 3c and 3d is discontinuous in areas corresponding to the x- and
y- hatch running parallel thereto. The uniformty of the resulting cure

depth is 10 illustrated in FIGURE 4. A down-facing skin area, or
"region," can be divided into 194/179.F

accuracy and difficulties in preducing certain object sHapes.

Relatsd Patents and Applications

The following U.S. patents and U.S. Patent app)ications are

AL RS,

incorporated by reference into this disclosure as/though fully

5 set forth herein:
4,575,330
07/429,435
. 07/331,664
% - 07/269,801
: 0 07/182,830
/415,134

07/182,
07/18%,015

15 ) 07/¥83,012
07/268,429 ‘—_h“““‘m ------ S
7/429,911 T7’ss”eetHasBeenRepfaced
07/415/168 /’I/I// /III// ///I/I/ /II/
07/265,039

20 07/249,399
PCT/US89/04096
L&L Docket 186/173 filed 10/30/89,
Inventors: lLewis, et al;
Entitled: Improved Systems For Post

25 Processing Objects Formed In A

Stereclithography Apparatus.

The instant application is a continuation-in-part of U.S.
Patent Application Serial No. 07/429,435, which in turn is a
i0 contindation~in-part of U.S. Patent Application Serial Number
07/371,664, which is in turn a continuation-in-part of U.S.
Pa}ent Application Serial No. 07/269,801, which is in turn a

céntinuation-in-part U.S. Patent Application Serial No.

|  [REPLACEMENT SHEET
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accuracy and difficulties in producing certain object shapes.

Related Patents and Applications
The following U.S. patents and U.S. Patent applications are

incorporated by reference into this disclosure as though fully

set forth herein:

4,575,330

07/429,435
07/331,664
07/269,801
07/182,830
03/415,134
07/339,246
07/182,801
07/183,015
07/183,012
07/268,429
07/429,911
07/415/168
07/265,039

07/249,399

PCT/US89/04096

o%félSlSOd .

v

Entitled: Improved 8ystems For Post

Processing Objects Formed In A
Stereclithography Apparatus.

The instant application is a continuation-in-part of U.S.

Patent Application Serial No. 07/429,435, which in turn is a

continuation-in-part of U.S. Patent Application Serial Number

07/331,664, which is in turn a continuation-in-part of U.S.

Patent Application Serial No. 07/269,801, which is in turn a

continuation-in-part U.S. Patent Application Serial No.

3

3
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prOV|de a suitably rigid frame to support the skln f||| the follomnng
drawi ng vrder is preferred: first, boundary vectors, then hatch vectors, TENT
and fiwnally fill vectors are dr awn. Second, the fill vectors and the R34 £ ro. p
vectors preferably 30 begin and end short of the boundary vectors by 1/2

t he Ecm/of t he .
07/182,830, U.S. Patent Application Serial No. 07/429,435

describes some main features of the present invention. U.S.
Patent Application Serial No. 07/331,664 describes in great
detail the presently preferred stereolithographic apparatus, as
5 well as various methods to form parts therewith. This
application is incorporated herein by reference, including its
appendices, as though fully set forth herein to facilitate
handling due.tc its relatively lengthy disclosure. Two reference
manuals, The SLA-250 User'Reference Manual and The SLA-500
10 Reference Manual are hereby incorporated into this disclosure by
reference as though fully set forth herein and accompanied U.S.
. Patent Application Serial Number 429,435 as Appendices B and C
respectively.
U.S. Patent 4,575,330 to Hull discusses .stereolithography in
15 general. It teaches complete polymerization of each cross-
section in the formation of a stereolithographically-formed
cbject.
U.S. Patent Application Serial No. 07/415,134 describes off-
absorption-peak wavelength post curing of parts which were formed
20 based on the primary approach to building stereolithographic
parts. '
U.S. Patent Application Serial No. 07/339,246 describes
several methods of reducing curl distortion.
U.S. Patent Application Serial Number 07/182,801 describes
25 the use of web supports to support and minimize curl in a part
being formed.
U.S. Patent Application Serial No. 07/183,015 describes the
use of "smalleys" to minimize curl.
U.S. PatenEvApplication Serial No. 07/429,911 describes the

30 use of multiple penetration depths in the stereolithographic
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process, along with the use of beam profile characteristics '4' )
combination with resin parameters to predict various cure
parameters associated with the creatioﬁ of stereolithoggﬁphic
parts. This application also describes the role of beik profile
information in the creation of skin fill and discussés various
multiple wavelength curing methods for reducing paft distortion.
U.S. Patent Application Serial Nos. 07/415/168, 07/268,429,
and 07/183,102 disclose various methods of fipishing a
stereolithographic part surface to smooth gdt discontinuities in

a post-processing step.

U.S. Patent Application Serial Neogi 07/265,039 and
07/249,399 which together form the basis of PCT Application
Serial No. PCT/US89/04096 disclose the use of a doctor blade for
obtaining a uniform coating of rgsin of known thickness over each
cross-séction of a stereolithographic part as well as a system
for maintaining a known surfdce level of the building material as
the part is being built.

U.S. Patent Application Serial No. 07/__,____ (Lyon & Lyon
Docket No. 186/173, fjiled October 30, 1989, and entitled,
*Improved System of Post-Processing of Parts by
Stereolithography/," discusses post-processing techniques.

In the norgal practice of stereolithography, objects or
"parts" are byilt on a layer-by-layer basis, where each layer
represents 3 thin cfoss-section of the part to be formed.

Initial ap roaches to stereclithographic part building were based
on the cgmplete filling (e.g. substantial polymerization of all
regioh of a cross-section to a thickness at least as deep as the
layey thickness) of layers. This filling was either done by the
scahning of a pencil of light, by a focusable (defocusable)

encil of light, or by flood exposure of an appropriate cross-

| REPLACEMENT SHEET|
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to contrjbute to further exposure 10 in the regr ons exposed by thelr PATENT
parall el hatch type. For exanple, if x- and y- hatch are used, then ReZ&RE.F
y- fild are also used Also x- fi’ll vectors mﬁll only be created that are
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combination with resin parameters to predict various cure
parameters associated with the creation of stereolithographic
parts. This application also describes the role of beam profile
information in the creation of skin £ill and discusses various
multiple wavelength curing methods for reducing part distortion.

U.S. Patent Application Serial Nos. 07/415,168, 07/268,429,
and 07/183,102 disclose various methods of finishing a
stereolithographic part surface to smooth out discontinuities in
a post-processing step.

U.S. Patent Application Serial Nos. 07/265,039 and
07/249,399 which together form the basis of PCT Application
Serial No. PCT/US89/04096 disclose the use of a doctor blade for
obtaining a uniform coating of resin of known thickness over each
cross-section of a stereolithographic part as well as a system
for maintaining a known surface level of the-building material as-
the part is being built.

U.S. Patent Application Serial No. 07/&2!,304
entitled,

Docket No. 186/173, filed Octocber 30

"Improved System =Processing of Parts by
discusses post-processing techniques.

In the normal practice of stereolithography, objects or
Wparts” are built on a layer-by-layer basis, where each layer
represents a thin cross-section of the part to be formed.

Initial approaches to stereolithographic part building were based
on the complete filling (e.g. substantial polymerization of all

regions of a cross-section to a thickness at least as deep as the
layer thickness) of layers. This £illing was either done by the

scanning of a pencil of light, by a focusable (defocusable)

pencil of light, or by flood exposure of an appropriate cross-
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15- %~ fill and y- hatch. This neans that subregion 1 will have an
exposure equi valent to the conbi ned exposure of each fill type. Using the
same exanple of x- and y- hatch and fill, each fill type should be ewpogsd
to“1/Z the exposure required to obtain the desired cure 20 dept¥P0/179.F
Limting fill vector exposure in this manner has a profound effect on

i or or egi on comEHPABY T appt 1 B <Tric Sdar e PRk ity Ixe ) °
the various complete £illing of cross-sections based on the scanning of
adjacent overlapping vectors until the entire cross-sectional
pattern was cured. These initial approaches suffered from
5 several drawbacks, including distortion, curl, inaccurate sizing,
lack of structural integrity, and lack of uniformity in down-
facing surface appearance.
Later stereolithographic techniques used an internal lattice
of partially cured building material ("cross-hatch®™ or "hatch")
10 in place of completely filling the successive cross-sections.
The internal structures primarily consisted of cross-hatch
separated by untransformed building material (e.g. liquid
photopolymer or the like). 1In this approach, the outer and inner
edges of each layer are solidified by scanning of what are called
15 *"boundary vectors" {(also termed,."boundaries“ or "border vectors"
or "borders"). These vectors separate the interior solid regions
of a cross-section from exterior untransformed building material.
Cross-sections or portions of cross-sections that bound external
regions of the part are completely filled with skin £ill (termed
20 ngill" or "skin") after being cross-hatched. The hatch insured
adequate support for the "skin" as it is being created, thereby
minimizing distortion.
The skin, crosshatch, and borders trap untransformed
building material (e.g. liquid photopolymer) internally in the
25 part structure and hold it in place while the part is being
created. The trapped untransformed building material (e.g.
liquid photopolymer) and at least partially transformed building
material (e.g. at least partially cured polymer) which forms the
boundaries, hatch, and skin are brought to full transformation

30 (e.g. polymerization) in a later process known as "post curing®.
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[ .ng. o <ELE ; -k : 4 e
ar eas. Accord| ngl y, the f| rst mi croreg| on receives |ts tot al exposure §ﬁi;‘“;
that of “the conbined hatch types. Thus, for x- and y- hatch, each hat &R %7+’
type will 30 contribute 1/2 the needed exposure. For the second

m cror egi oR; (f For additional information on post-curing, see U.S. Patent

Application Serial No. 07/4&1,§Q&, directed to the post curing

process.

Fairly extensive post-curing can be required when the
5 internal cross-hatch lattice only defines discrete x-z and y-z,
planes, or the like, which are separated from each other by more
than the width cured by a beam, as in such cases long vertical

corridors of unpolymerized material remain substantially uncured

until post-processing.

Stereolithographic building techniques have upon occasion
resulted in down-facing features having a "wafflish" appearance
15 and texture. This appearance and texture are due to
inappropriate curing techniques being used on regions of layers
that contain down-facing features. When down-facing features are
given both hatch and skin £ill, there can be overexposure of the
regions where the hatch and £ill coincide. Similarly,
20 overexposure can occur at the points of intersection of cross-
-hatch vectors. In-the past, it has been possible to ignore the .
requirement of uniform cure depth for down-facing features, since
other accuracy-related errors overshadowed this effect. However,

as the stereolithography art strives for and attains increasingly

25 higher levels of accuracy, imperfections such as these can no
longer be overlocked. X&—is—an-obie nf the inventie -
_correct—these—imperfectionsim combinatieon<vith—imprevedbuilding
techniques——
o-afi_ohie of thae~invention To obtain—accurate
30 skin-€RiCRNEsSES WITNOUt-the-nead—of-paricdically building test
" asBeenRe ced ] s ;
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R k : aral) et SO o esult:
total exposure belng gl ven by the exposure ot’one hat chi7 hie' p[us the
exposure fromall but one of the skin types. 5 Therefore, the nunber

exposure sources is equal to the nunber of cross hatch types, and he ge,gg M
the nunber of skin fill types. Using x- and y- hatch, for exanple, ﬁt R
exposure in a region of -x- hatch is provided by this hatch and the other

U2is (T |parte-and-without-tho-need-of belng—concerned—with—energy| .

i i i _ i . Traditionally, the

methods used to estimate skin depth were only guesses that had a
remote connection to actual experimental data or theoretical

5 expectations. The actual skin thicknesses obtained by these
traditional approaches were strongly dependent upon beam profile
characteristics, skin vector spacing, drawing speed, and resin
characteristics. However, these parameters were not coordinated
to yield a particular skin thickness. For example, skin

0,53 muws 0,381 to 0.635
10 thicknesses intendéﬂ'fE’E@(EO mils)could easYIy Tange from{1l5 to

25 milél In the past, this type of thickness range has been
tolerated, but as the art of stereolithography advances, there is

an increasing need for more accurate and less cumbersome methods

of predicting the required exposure to cbtain a desired skin

is thickness.

steps of éonstructing stacked layers to form an object havisfg
20 external boundaries, internal crosslhatch, and skinned up- and

down-facing features. sSkin f£ill is provided in Xéss than all
regions of the stacked layers, but in assogfation with more than
the up- and down-facing features of $hé object.

To these ends, all cross-sectional layers may be provided

25 with skin £fill and crosshakth

According to anpther aspect of the invention, a method
provides all cra€s-sectional layers with boundaries and
unidirectjeohal £ill or multidirectional fill and no cross hatch.

Kccording to another aspect of the invention, a method

. ] -
¢ - - -
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W th bQundaryZVect@rs;wfoilmmedﬁbyuhafchﬂvectnrs,;andﬂflnamkytbyffhliﬁ
vectors._ The boundary vectors provide the desired cure depth. The skin and
hatch vectors are shortened due to the ECWof the boundaries 15

(shortened by the EEP). The fitl vectors are not allowed to contribute to
t he exposur®e (be created) within 1/2 the ECWof either side of a parall el
hat ch vector. Each conbi nati on of

- 82 -

From the EP-A-0 250 121 a stereolithographic apparatus and a corre-
s sponding method is known for constructing a three-dimensional object
layer-by-layer from a fluid-like material solidifiable upon exposure to
synergistic stimulation. The apparatus described comprises a laser radiat-
ing a beam via a beam modulator and deflector onto the respective
layer. The beam modulator and deflector receives a data ini)ut from a
10 computer or storage medium. The modulated and deflected beam imping-
es on a layer of solidifiable liquid lying in a solidification plane. The
solidifiable liquid is located in a container being supported on a contain-
er positioning mechanism. The data received by the beam modulator and
deflector may be of any suitable form and is typically provided in the
15 raster-format, vector-form, or a combination thereof. According to anoth-
er embodiment of this prior art approach the solidifiable liquid is ex-
posed by using a conventional projection system together with photo-
graphic exposure masks. The pattern to be projected on the liquid is
broken down into two complementary pattern masks. The respective
2 solidifiable layer is exposed through each of the complementary pattern
masks separately, such that distortions due to shrinkage following the
first exposure are at least partially compensated during the second

exposure,

»s  According to the EP-A-0 388 129 (which is prior art in accordance with
Art. 54 (3), (4) EPC as far as the designated countries DE, FR, GB
and NL are concerned) a further stereolithographic apparatus for con-
structing a three-dimensional object layer-by-layer from a fluid-like
material solidifiable upon exposure to synergistic simulation is known.

% The apparatus according to this prior art approach consists of a tank

REPLACEMENT SHEET A

1% DEC 997 This Sheet Has Been Replaced

- il -

L 4




type |s, gl ven the same exposure. “Therefore;

“the"Trdivi 'dual' ‘f'r acti Ona]

exposure (I FE), a dinmensionless fraction of the needed exposure, given to
each type is the reciprocal of the nunber of different hatch types (NHT),

i.e., 25

| FE =

met hod. This preferred

19

containing the fluid-like material and an elevator and the like a beam
scanning section for focusing an exposure beam to scan a liquid surface
of the fluid-like material, and a control section for controlling the opera-

‘tions of the beam scanning section and the elevator. The beam scanning

section is able to deflect the exposure beam in a first scanning direction
relative to the liquid surface and a second scanning direction perpendicu-
Iar to the first direction. With such a beam scanning section, the
stereolithographic apparatus is able to perform raster-scanning and vector-
scanning of the respective layers. In the raster scanning mode the layers
are exposed by scanning the beam spot in a straight line-shaped main
scanning direction across the layer such that a plurality of parallel
extending exposed lines result. In the vector scanning mode, scanning
proceeds with the scanning direction being a direction defined by vector
data. According to the method discussed, vector scanning is used for the
exposure of the boundary portion of the layers, whereas raster scanning
is used for the exposure of non-boundary portions of the layers.

In view of the above it is the object of the present invention to provide
an improved stereolithographic method and apparatus substantially reduc-
ing the horizontal distortions within the layers of the three-dimensional
objects.

- This object is solved by a stereolithographic me;fod for constructmg a

WJ&""‘A
three-dimensional object in accordance with claims1/and the correspon—

NHT. A preferred enbodi nent
of the above is based on the use of the presen Py preferred cross hatching

ding apparatus in accordance with claim 25 vf dacr. anten A ond Jalng

DQM ub-u.é"\ .B.

e,

According to a further aspect of the present invention, a method provi-
des boundaries appropriate to each cross section and

(—*’M{“Lr t:--'.i.)e&l;-miw ) o-l: TL‘. '-‘.**—"L-\-‘"{;'\ &L J/—;—('Ehic( W‘ﬁ
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method of waffle reduction/renoval in connectlon mnth these presently
preferred hatch types, i.e.

- ' - PATENT
. 1%0/179.F

provides cross-sections with at least two types of non-parallel
hatch vectors wheréin effective adhesion (that capable of
transmitting significant curl) only occurs at the overlapping
points between the vectors of the two hatch types. Additionally
the hatch vectors of each type are spaced as close together as
possible without being spaced so close that they can induce curl
into adjacent vectors or have curl induced in them'by adjacent
vectors.

chafding to another aspect of the invention, a method
comprises the steps of providing boundaries appropriate to each
cross-section and providing cross-sections with at least two
types of non-parallel hatch vectors that are offset from their
corresponding types on the previous layer wherein effective
adhesion between cross-sections (that capable of transmitting
significant curl) only occcurs near the averlapping points between:
the vectors of the two hatch types of the present layer.
Additionally, the hatch vectors of each type are spaced as close
together as possible without being spaced so close that they can-
induce curl inte or have curl induced in them by adjacent vectors
or transmit curl from one vect;r to another vector.

According to another aspect of the invention, each region of
a cross-section that is internal to the object (i.e. not formiqq
a down-facing or up-facing region), is cured in the form of point
exposures, "bullets". The point exposures on successive layers
are offset one from another, and the bullets are cured to ’
approximately a depth of one layer thickness. The spacing of the
point exposures on a single layer are as close together as is
reasonable without the material cured in association with each
bullet affecting the material cured in association with adjacent

bullets. In this approach the up-facing and down-facing features

s .  [REPLACEMENT SHEET]
19 DEC 997




but” never, assuntng accurate scannlng, reglons mhere only two vectors

overl ap. The corresponding skin fill will be in the X, 60[err], and -
120[err] directions. These fill vectors will again not be allomed to, oPig;Vr
produce additional exposure 10 within the 1/2 the ECWof either é / T

their parallel
of

10

15

20

25
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hatch vectors and within 1/2 the ECW (taking into the angle

may be formed by a variety of techniques. -

According to yet another aspect of the invention, each
region of a cross-section that is internal to the cbject (i.e.
not forming a down-facing or up-facing region), is cured in the
form of point exposures, "bullets", wherain the bullets are cured
to a depth substantially equal to two layer thicknesses, and
wherein bullets on successive layers are offset one from another.
The positioning pattern is repeated every other layer, and the
spacing of the bullets on each cross-section is such that their
cured separation is greater than zero but less than their cure
width one layer ;hickness below their upper surface. The bullets
cured on the present layer substantially fill in the gaps left in
the previous cross-section when it was formed. In this approach
the up-facing and down-facing features may be formed by a variety
of techniques.

According to another aspecc of the invention, each region of
a cross-section that is internal to the cobject and exists on the
present cross-section as well as the N-1 succeeding cross-
sections, is cured in the form of point exposures, "bullets".
Each cross—-section is divided into a pattern of slightly
overlapping bullets. These bullets are divided up into N groups
where the bullets associated with successive groups are used to
expose material in association with the successive cross-sections
beginning with the present cross-section. Each bullet is cured
to a depth substantially equal to N layer thicknesses. In this
approach, regions of cross-sections within N-2 layers of a down-
facing feature are handled by modified techniques similar to
those described above, and the up-facing and down~facing features

may be formed by a variety of techniques.

According to yet another aspect of the invention, at least

e s e e+
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(11 wectors wtl agarm be shor sned gp.gasl g1d by e E2P o A
necessary to achi eve the final <esi re ﬂ HE ]Fhe f?lui r\?gcséfgsure| "‘n:
scanned_ such that the net exposure in only" region\Jqufl

al so be given by 1/3 of this exposure.

) up- and down- facing features are provided with skin £ill that is
created by scanning in a first pass using nonéﬁéﬁiéﬁgéke £ill
vectors, followed by scanning in at least one Additional pass
that completes the exposing process by filling in between the

5 originally drawn vectors.

In another aspect of the invention, regions of intersecting
vectors at least in down-facing surfaces are detérmined, and
exposure of one or more of the respective intersecting vectors at
these intersecting regions is reduced, such that at least the

10 down-facing features have a uniform exposure.

In another aspect of the invention, a region that contains a
combination of hatch and f£ill vectors is created and cured to a
uniform depth. The creation of this region comprises the steps
of creating the desired hatch vectors, and then creating

15 corresponding skin fill types that do not contribute to
additional exposure of the regions of their corresponding hatch
vectors.

In another aspect of the invention, ah improved
stereolithographic method comprises determining necessary

20 exposure and vector spacing and scanning parameters in order to
obtain a known thickness of skin fill.

In still another aspect of the invention, a
stereolithographic method comprises the steps of constructing
stacked layers to form an object having external boundaries,

25 internal cross hatch, and skinned up- and down-facing features.
Specifically, this methed comprises the steps of: (a) selecting
layers to be provided with skinned surfaces; (b) providing means
for calculating the amount of total exposure required to obtain
skih curing of a preselected depth at the layers selected to have

30 skinned surfaces: (c) providing means for determlninq the number

REPLAC}‘\' ENT aiiLm
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overlapplng exposure are 25 used a net exposure of 1 mnll be attalned
Simlarly, for a region of hatch and skin, one hatch type is used, along

with the two skin types not parallel to it. Each is given an equal exposure -
of 1/3 to obtain a region of net exposure 1. If the hatch vectors form paTeNT
equil ateral triangles, it follows that each 190/179.F

of vectors that will be exposing each region in the layers, and
(d) providing means for at least partially transforming (e.g.
polymeriiing) the layers by exposing them first to boundary
vaectors, then to hatch vectors, and then to skin vectors, each

5 vector providing an exposure sufficient to cure to the
preselected depth calculated in step (b), divided by the number
of other vectors that will intersect the vector at a given region

as determined in step (c¢).

Acéording to other aspects of the invention, these

IR EA

10 improvements are used in combination with one another and/or in
combination with curl reduction techniques as described in: U.S.
Patent Application Serial No. 07/339,246; U.S. Patent Application
Serial No. 07/183,015; U.S. Patent Application Serial No.
07/182,801, and the other applications cited previocusly all of

15 which are fully incorporated herein by'referenee. For example,
according to yet another aspect of the invention, an imp}oved
stereolithographic method is disclosed comprising the combined
use of hatch with nonconsecutive skin £ill in more than the up-
and down- facing features. As another example, an improved

20 stereolithegraphic method is disclosed comprising the method of
reducing exposure where vectors intersect and providing
discontinuities in skin f£ill to avoid multiple vector expasure in
regions where hatch vectors have been previded.

Other aspects of the invention, together with objects and

25 attendant advantages of the various embodiments, will best be
understood from an examination of the drawings along with the

detailed description below,

12
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGURES la-1d collectively show a top view of a layer
showing boundaries, hatch and skin without compensation for
multiple exposures of building material at the various regions of
the cross-section. FIGURES la-1d represent respectively: a)
boundaries only: b) crosshatch only: ¢) skin only; and d)
combined vectors.

FIGURES 2a-2d collectively show a side view of FIGURE 1ld as
intersected by various vertical planes. FIGURES 2a-2d represent,
respectively: a) repeat of FIGURE 1d with vertical planes; b) a
view of the edge of the layer along plane 1 showing the various
depths obtained in different regions; ¢) a view of the edge of
the layer along plane 2 showing the various depths obtgined in
different regions:; ana d) a view of the edge of the layer along
plane 3 showing the various depths obtained in different regions.

FIGURES 3a-3e collectively illustrate a top view of a
layer showing boundaries, hatch and skin as created by a
presently preferred technique. FIGURES 3a-3e represent
respectively: a) boundaries only; b) crosshatch only: <) skin
type 1:; 4d) skin type 2; and e) combined vectors.

FIGURES 4a-4d collectively show a side view of FIGURE
je as intersected by three different vertical planes. FIGURES
4a-4d represent, respectively: a) repeat of FIGURE 3le with
vertical planes; b) a view of the edge of the layer aleng plane
1 showing the various depths obtained in different regions: c) a
view of the edge of the layer along plane 2 showing the various
depths obtained in different regions; and d) a view of the edge

of the layer along plane 3 showing the various depths obtained in

different regions.
| oo b EAEN D dpeed
REPLALEMENE X
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addressed for exanple in one of tmo mays 1) have aII hatch and f||
vectors stop short of the boundary (at 10 1/2 the effective cure wﬁgg
and then give the boundary itself an exposure of one; or 2) select two -
the hatch types and the sane two skin types to cure conpletely up to the
boundary and stop the cEIG®RESatahamhdhskilbustyyateshbe tpmifiles ddundaryd at

1/ 2 .
n"gtring," corresponding to the cure produced by a single vector.

B T‘VT‘

FIGURES 6a-6d show down-facing surface profiles of parts
made in accordance with Example II below.

5 FIGURES 7a-7c show a comparison between traditional vector
ordering techniques and examples of various vector ordering
techniques of some of the preferred embodiments of the present
invention. FIGURE 7a depicts a top view of a cross-section of an
object showing a consecutive drawing order for the vectors.

10 FIGURE 7b depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in two passes.
FIGURE 7c depicts the same cross-section but filled using a non-
consecutive order that fills the cross-section in three passes.

FIGURES 8a-8i collectively illustrate the vectors used and

15 cure depths obtained, for a sample cross-sectien, by utilizing
the "weave" building embodiment. FIGURES 8a, 8c, and 8e
respectively represent top views of boundary vectors, X hatch
vectors, and Y hatch vectors. FIGURES 8b, 8d, and 8f depict side
views of the material cured in association with FIGURES 8a, 8c,

20 and 8a respectively. FIGURE 8g represents a top view of the
conbination of material cured by the individual vector types of
FIGURES 8a, 8c, and 8f. FIGURE 8H and 8I represent side view of
the cure depths associated with two different vertical planes
intersection the cross-section of FIGURE &g.

25 FIGURES %9a and 9b collectively show a side view indicating
the difference between stacking one direction of crosshatch on
top of each other from layer to layer and staggering the hatch
from layer to layer. FIGURE 9a depicts a side view of hatch
being stacked on top of each other from layer to layer. FIGURE

30 9b depicts a side view of hatch being staggered from layer to

4. EPLACEMENT SHEET
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PRV o) ﬂiIheﬂfnrst;of.fhe aboVe TWe. throns.ts”:, N
presentIK the nDst preferred Yet anot her enbodi nent is based on the use of
a

x and y hatch along with the second option described above. In this cagg?AT~“T
the 20 exposure in the boundary region would be due to the boundarﬁ /178.F
vectors,, one hatch and its corresponding fill type with the other hatch and
fill type stoppi ng =yekt. This enbodi ment has the

FIGURES 10a-10c collectively show the configuration of
bullets cured in association with practicing the seventh
embodiment of the present invention. FIGURE 10a depicts a top

5 view of the boundary and bullets cured on a first cross-section.
FIGURE 10b depicts a top view of the boundary and bullets cured
on a second cross-section. Comparison of FIGURES 10a and 10b
indicate that the bullets are staggered from the f{rst to the
secongd layef. FIGURE 10c depicts a side view of the boundaries

10 and bullets of five cross sections stacked one on top of the
other.

FIGURE 11 illustrates a side view of the overlapping nature
of the bullets formed in practicing the eighth embodiment of the
present invention.

15 FIGURE 12 depicts the three-dimensional object used in
Example 1 to test the improvements of "skintinuous” building.

FIGURE 13 depicts a top view of the uppermost cross-section
of the part of FIGURE 12, along with indications as to what
measurements were made on the part; and

20 FIGURES 14a and 14b collectively depict a side view of a CAD
designed object and the object as reproduced according to the
teaching of the first preferred embodiment of the present
invention. FIGURE 14a depicts the CAD designed object, and
FIGURE 14b depicts the reproduction.

25 FIGURES 15a, 15b, and 15¢ collectively depict the part used
in the experiment of Example VI. FIGURE 15a depicts a three-
dimensional view of the part. FIGURE 1Sb depicts a top view of
the part. FIGURE 15¢ depicts an exaggerated top view of the
distortion of the part after post curing.

30 FIGURES 16a, 16b, and 16b' collectively depict sample cross-
[TV RTI .1.“ 41:1\1.{ SHEET
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and down-facing features of an object and the relationship of
such features to subregions of each cross~section. FIGURE 1l6a
depicts a top view of the bounded and unbounded regions of a
single sample cross-section. FIGURE 18b depicts a side view of
three sample cross-sections of an object. FIGURE 16b' depicts a
side view of the subregiocns of the middle cross-section.

FIGURES 17a~g illustrate various patterns and shapes for
tiling and the weak bending axes, if any, associated with each

pattern/shape combination.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The instant invention addresses alone or in combination four
improvements in stereolithographic methods. These are, first:
methods of increasing structural integrity while reducing the
need for post-curing; second: methods of obtaining uniform
exposure in regions of intersecting vectors of different types;
third: methods of determining cure depth; and fourth: methods
intended to reduce distortion due to shrinkage, curl, and post
cure. Although these three aspects of the invenﬁion are closely
inter-related and are often cross-dependent, they will pe .
addressed in sequence in this detailed description, and will also

be illustrated in the examples below.

De tio
"Heam profiles" represent the eneréy distribution of
irradiation in a beam of ultraviolet light or the like, used to

cure photopolymer or other curable material in accordance with

stereclithography practices.

"Byilding materials" are materials that can be used in the

present invention for forming three-dimensional parts. The

16
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acceptable building materials are materials that can transform
from one state to another state in response to exposure to
synergistic stimulation. The two states are then separable after
exposure of a single layer to synergistic stimulation or
5 separable after completion of a plurality of layers. The most
preferred materials are materials that transform from a fluid-
like state to a cchesive state or solid state. These materials
include liquid photopolymers, sinterable powders, bindable
powders or the like. Prior to exposure to appropriate
10 synergistic stimulation (e.g. IR radiation from a Carbon Dioxide
laser orlthe like) the sinterable powders are in a fluid-like
state since the powder particles can flow past one another
whereas after sintering the powder particles are joined to form a
cohesive mass. Similarly the bindable powders are in a fluid-
15 like state prior to exposure to appropriate synergistic
stimulation (e.g. a chemical binder dispensed into the powder in
a selective and controlled manner) whereas after exposure the
binder sets and the powder (and binder) form a cohesive mass.
The most preferred of the above materials for the present
20 invention are the photopolymer type materials. Other acceptable
materials include relativeiy solid sheets of material that are
transformable from one state to another. These sheet like
materials include "dry film" type photopolymer materials that can
be solidified upon exposure to appropriata synergistic
25 stimulation wherein after.exposure the expésed and unexposed
materials can be separated by differential sclubility in an
appropriate solvent.
”ﬁﬂnllggg" are volumes of a building material which are
solidified in response to a beam of synergistic stimulation

30 exposing the material in substantially single non-overlappinq

17 - REPLACLW:N' ui‘LbA
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used.” Using experinental or analytical nethods, the anount of print PATENT
t hrough can be deternined, and the cross hatch on the |ayer containi ng*ti¥d79-F
down-facing feature can be given a correspondingly |ower cure. After the ..

exposure of Lhis | aygin@nd higat pdON Ble! SEN shife L RnbaCHR: ERLUIS is

wll 15 have a unfformcure. n nost cases, ere are crosshatch vectors
. similar to that of a bullet. FIGURE 5b depicts a cross-sectional
view a line or vector of material cured by a beam of radiation.

It can equally well be interpreted as'depicting a two dimensional .

[$)]

view of a bullet, wherein the three~dimensional bullet would be
the volume of revolution formed by rotating the cobject about a

vertical axis through its center.

WEffective Cure Width" (ECW) is a distance equal to twice

10 the closest possible spacing of two vectors from one another

oot

that will render a given individual cure depth (i.e., a cure
depth associated with each vector) without measurably increasing
the cure depth of the combination. For the preferred beam
profiles and cures, the Effective Cure Width (ECW) is always less

15 than the Maximum Curé Width (MCW) (i.e., the width of the
solidified string at the building material surface), such that
different lines of solidified material can be adhered without an
increase in cure depth. For example, in FIGURE 5b, the
horizontal separation between lines 118 and 120 might represent -

20 the Ecw'for string 100. Typically, one half the ECW represents

| the closest point that a similar line of material can approach

string 100 without measurably increasing its maximum cure depth.
More generally, the ECW is a zone that surrounds the center line
of a string, such as string 100, that represents the closest

25 position that another string (of arbitrary thickness and
direction) of solidified material or set of strings of material
can approach the first string without resulting in the maximum
cure thickness of the combination being measurably greater than
the maximum thickness of either string. As two non-parallel

30 vectors approach an intersection point, the excess exposure

v avvi—
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(therefore the feature is onIy one Iayer in 20 thrckness) requrrrng t he
hatch and fill to be perfectly matched based on the one layer thickness @fzyr
cure. .On layers that have both up- and down- facing features in the sgg8179.5
area, it.is-inportant to insure that only the down-facing skin is cured, so

as not to use nore exposure than desired.
point, "EEP" (the point at which the combination will cause

measurable increase in cure depth) is determined by the beam
prafile and angle of approach of the two vectors. If the vectors
are perpendicular the excess exposure point is the 1/2 the ECW.

If the vectors approach each other at a 45 degree angle the

ur

excess exposure point is at 1/2 x 1.414 x ECW. An approximate
relationship between ECW, the angle of approcach, and the EEP is
EEP = (1/2) X ECW / SIN(A)},

where A is the angle bhetween the vectors. A more accurate

10 relationship can be derived from information regardihg the beam
profile, the depth‘cf cure, .the building material response
characteristics, and the intersection direction of the vectors.

"Layers" are the incremental thicknesses between successive

cross-sections into which an object is divided. These layers

15 form the basis for the thicknesses of building material (e.g.
photopolymer). They must receive sufficient exposure to
synergistic stimulation (e.g. ultraviolet light or other
polymerizing radiation) to transform from their fluid-like state
into a cohesive structure. The layers are constructed to adhere

20 to one anefher and collectively form a solidified (e.q.
polymerized or partially polymerized) stereolithographically
produced part.

tMaximum Cure Depth (MCD)" and "Maximum Cure Width (MCW}"

refer, respectively, to the deepest and widest cure that is

25 obtained when exposing a single line or bullet of uncured
building material to synergistic stimulation. The maximum cure
depth is generally what is referred to as the cure depth of
boundary and hatch lines. Since the beam of light is not
generally of constant intensity across its width, the cure depth

30 and width caused by this beam tracing across a 11ne one or more
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times does not produce a uniform depth and width of cure. The -
maximum depth of cure generally occurs near the middle of a
cross-section of the trace but it can actually occcur anywhere
depending on the distribution of intensity in the beam. It may
also depend on the direction of scanning of the beam in forming
the trace. The maximum width of cure occurs at the top (surface)
of the cured line of material. An example of the maximum depth
and width of cure are depicted iﬁ.FIGURE 5a which shows a line
(sometimes called a string) of cure material 100. Vector 102
indicates the scanning direction used in creating the string of
material 100. Surface 104 represents the solidified material
that was created from the fluid-like material that formed part of'
the surface of the curable material. FIGURE 5b represents an
end-on view of string 100. Line 106 indicates the position of
the top of the cured string 100, while line 108 represents the
bottom of cured string. The vertical distance between 106 and
108 is the maximum cure depth of string 100. Line 112 represents
the left-most edge of string 100, while line 114 represents the
right-most edge of string 100. The horizontal separation between
112 and 114 is the maximum cure width of string 100. Such a
string 100 of solidified building material may be used for
several purposes: 1) to insure adhesion between the layer
associated with its creation and the preceding layer, 2) to form
a down-facing feature of a part being created, and 3) as an
element of a series of such strings of cured material, where the
series will he used for one of the above two purposes. An up-
facing feature is not included in the above since it can be fit
intc one of the above categories depending on the situation. For
the first purpose listed above, maximum cure depth may

preferably be greater than the layer thickness. The vertical
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- separation between line 106 and line 110 represents the layer
thickness in such a case. For the second purpose the MCD
represents the layer thickness, and for the third purpose the
vertical separation between line 106 and line 116 might represent

5 the layer thickness since the net thickness of the cured material
might increase from the segments overlapping each other.
"overlapping" refers to two or more exposures being given to
a region so that an increase in maximum cure depth occurs. Since
cure profiles are not necessarily step functions, two separately
10 exposed areas can touch and bind to one another without changing
the maximum cure depth of either. When two lines are exposed
beside one another their maximum widths may overlap resulting in
a larger exposure in this region, and a corresponding increase in
depth. But if this additional exposure doces not occur in the
15 region near the maximum cure depth of the individual lines, their.
combined maximum cure depfh will not generally be measurably
deeper than their individual maxima. Overlapping sometimes
refers to situations when two side by side exposures affect the
curing of each other whether or not they result in an increase in
20 the maximum cure depth of either one. The context in which the

term "overlapping" is used will generally make its meaning clear.

"Step Period" (SP) is a part-building parameter that defines
the period between each laser step.
25 "Step Size" (S$) is a part-building parameter that defines

the size of the step moved by the laser spot on the building

material surface.
_EEEQI!E~3Lef““E£ that represent the length and direction

and length of irradiation exposure in the process of solidifying

30 the building material in the preferred embodiment of the present

21,  |REPLACEMENT SHEET
49 DEC 997




cross, hatch, 2)

as” hat'fron1the x and

corresppndrng~¢@uﬁﬁfémL¥choSs hatc orréapbnding
by creating a sli

n sone ot her 15

appropriate progran) to allow an offset for skln vectors to not be produggfeyy
(or not drawn) in the vicinity of hatch pat hs, and - 190/179.]
B lui»«ﬂli»?th el

TN AL Lt

10

is

20

25

30

eyt fpis
. ol 'r-z-vu!- t‘ﬂ'v-h .
invention, fe.g. a scanning beam of ultravioclet radiation, on a

liquid photopolymer, or other fluid-like, solidifiable mediumsy.

"skin®* vectors are horizontal surface vectors that are
typically traced from one boundary to an opposing boundary at
relatively high speed and with a substantial overlap between
successive vectors which are generally traced in opposite
directions, and typically form "skin £ill" which defines at least
the upper and lower horizontal exterior surfaces of a
stereclithographically-formed part in traditional
stereolithography and in several of the preferred embodiments of
the present invention, Typically, skin vector spacing is from
about 1 to about 4 mils for a maximum cure width of a single
exposure being about 14 to 15 mils. Of course, these exemplary
and illustrative parameters can be varied as needed based upon
such considerations as the desired smoothness of the layers, the‘
power of the laser,'the possible speed range of the irradiating
source {(i.e., the maximum drawing speed), the layer thickness
desired, and the number of vectors that are desired to be stored.
According to certain aspects of this invention, however, skin
£ill is provided in more thén the exterior surfaces of the part.
According to other aspects of the invention, skin vectors can be
drawn non-consecutively and/or nonoverlapping (e.g., a first pass
at 7-8 mil intervals and a subsequent pass at intervening
intervals). These aspects and others are described in detail
below.

"Boundary" vectors are traced to define the vertical
exterior surfaces of the stereolithographically-formed part
{therefore to define the range of each cross~section). These
vectors generally are scanned more slowly than skin vectors such

that a greater cure depth is obtained. Boundaries, unlike skin
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£fill, generally do not rely on overiapping offset passes to
attain their full cure depth. In situations where regions on a
gi&en layer overlap regions of the previocusly formed layer (non-
down-facing regions), it is preferred that the cure depth exceed
S tﬁe layer thickness, so that improved adhesion between layers
results. In regions of down facing features, it is preferred
that net cure depth be substantially equal to the layer
thickness.
"Hatch" vectors are similar to boundary vectors, except that

10 they are traced in a substantially uniform, criss-cross type
pattern, to define the internal lattice structure of the
stereclithographically~-formed part. Again, it is preferred that
the cure depth exceed the layer thickness, if being drawn in a
non~-down-facing reglon, so that improved adhesion between layers

15 results. If being drawn in a down-facan region, then layer
thickness cure depth is preferred. In several preferred
embodiments of the present invention, adhesion between layers is
obtained by the extra cure depth that is obtained from the

~ intersections of two or more crosshatch vectors wherein the cure

20 depth of the individual hatch lines is insufficient to cause curl
inducing adhesion between the layers.

“§kin§1nggg§“ in general terms describes any building
technique which generates a substantially solid f£ill pattern over
a substantial portion of the cross-sectional area of a part.

25 "Multipass" refers to a drawing technique which utilizes
more than one pass to expose a region (e.g. a line) so that the
material is substantially reacted before direct adhesion with
surrounding structures takes place. The purpose of this method

is to minimize pulling forces between layers and therefore to

30 reduce curl.
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"Interrupted Scan" or "Bricking" refers to scanning a vector
with recurring gaps to relieve transmitted stress. |

“Tiling” is an interrupted scanniﬁg technique that applies
to relatively wide regions as opposed to vectors (the wide
regions may be made up of vectors). This scanning results in
distinct shapes which fit together very snugly but are not
adhered to each other. The intention of this method is to
maximize percentage of build process curing while reducing
transmitted stresses that generate curl.

"Log Jam" refers to a scanning technique where some
internal hatch (or £ill) vectors are retracted from the layer
borders to avoid adhesion, wherein after exposure of the hatch or
£fill an offset border or the like is scanned to attach the hatch
and original border.

"oujlting” refers to a drawing technique which first
partitions each layer into patches by scanning a relatively large
crosshatch structure. Each patch is then treated as an
individual region to be scanned. This method relieves problems
that can arise when drawing relatively large regions with’
floating material techniques (e.g. log jam).

"§§3§ggxn" refers to a scanning technique wherein a down-
facing region is given extia exposure to make it extra rigid
thereby increasing its ability to resist distortion caused by
adhesion with material from the next higher layer.

"Weave” generally refers to any drawing pattern which
generates a near solid fill pattern, wherein vectors on the first
pass (threads) are spaced slightly further apart than the maximum
cure width (MCW)} and have exposures that are less than that
necessary for adhesion {i.e. under cured). Adhesion is obtained

on a second pass or higher order pass by cumulative exposure

24 .
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t hi ckness, by
- resulting at the intersecting regions of threads. These

intersecting regions are sometimes called stitches.

“Interlace" is a particular type of "non-consecutive

scanning” wherein every other vector is scanned on a first pass
5 of a region and the other vectors are scanned on a second pass.

"§;a§ge;eg" refaers to a building method where different
drawing patterns are used on alternating layers. For eﬁample
staggered hatch refers to offsetting or shifting the hatch
vectors on every other layer so that the hatch vectors on

10 adjacent layers do not overlay each other. The intended purpose
of this method is to produce a more homogeneous structure and
possibly to reduce curl in some instances.

"Smalleys™ refer to a building technique where holes or gaps
are placed at critical locations on a given cross-section

15 {generally implemented through the CAD design but they can be
implemented from a Slice type program onto individual cross-
sections). They reduce curling by interrupting the propagation
of stresses from one region of a layer to another region of the
layer.

20 | "Riveting® or "stitching" refers to an exposure technigue
that applies different levels of exposure to a given layer,
wherein some of the exposures are less than that necessary for
adhesion and some of the exposures are sufficient to cause
adhesion thereby creating discrete locations of adhesion which

25 might resemble rivets.

"Webs" are support structures that are not a portion of a
desired final reproduction of a CAD designed object but they are
formed along with the object by the stereolithography apparatus
to give support to various features of the object and to allow

30 easy separation of the object from the building platform.
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regions or subregions on particular cross-sections that represent
an upper or lower extent of the object.

Fach cross-section is formed from a combination of bounded
and unbounded regions. Bounded regions are those that form a
portion of the solid structure of an object (regardless of
whether the region is formed as a completely solidified region or
as a cross-hatched region). Unbounded regions are those that
form an empty or hollow portion of an object. These concepts are
depicted in the example of FIGURE 16a. FIGURE 16a depicts a top
view of a sample cross-section of an object. This sample cross-
section can be divided into three bounded regions and two
unbounded regions. Boundary 700 bounds region 705, boundary 710
bounds region 715, and boundary 720 and 725 bounds region 730.
Regions 735 and 740 are unbound~d regions.

Each of the bounded regions of a cross-section may be
divided into subregions, which are determined by relationships
between bounded regions on a given cross-section and bounded and
unbounded regions on the two adjacent (one higher and one lower)
cross-sections. Up-tacinq regxons of cross-section "i" are those

.bounded subrcgions of cross-sectzon *i" that are 'underneath
unbounded subregions of cross-sectiod “i + 1", The down-facing
subregions of cross-section "i" are the bounded subregions of
cross-section "i" which overlay unbounded subregions of cross-
section "i - 1", Some subregions may represent both up-facing
and down-facing features; in this case the subregion is generally
considered to be a down-facing subregion since appropriate curing
of down-facing feature§ is generally more critical than curing of
up-facing features. This concept is depicted in the example of

FIGURE 16b and 16b'. Cross-section "i" 750 is above cross-

REPLACEMENT SHEET| 2% . -
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and intercept of this plot. Since the above rel ationship does not 130/179.F
explicitly contain focus, profile, and machi ne working curve paraneters,
the - section "i ~ 1" 755 and is below cross-section "i + 1" 760.

FIGURE 16b' is a repeat of FIGURE 16b but with cross-section *in
750 divided into subregions. The up~f§cinq bounded subregions of .
cross-section "i" are labeled as 761, 764 and 768. The down~-

5 facing bounded subregions of cross-section "i" are 761, 762, and
769. The bounded subregions that are neither up-facing nor down-
facing are 763, 765, and 767. The unbounded regions of cross-
section "i" are subregions 766 and 770. It can be seen that
subregion 761 is both up-facing and down-facing and thus it would

10 generally be processed as a down-facing feature. If a cross-
section "j" is above a completely unbounded cross-section, then
all of cross-section "j" is a down-facing feature (e.g., the
bottom of the part). If a cross-section "j” is below a
completely unbounded cross-section, cross-section "j" is an up-

15 facing feature (e.g. the top of the part).

Other definitions can be obtained as needed from remaining
disclosure and the manuals attached as Appendices B and C to U.S.
Patent Application SN 07/429,435, incorporated herein by
reference. Moreover, the specificétions of the SLA hardware, the

20 resin and laser types, and the generally preferred parameteré
with respect to the staereolithographic processes described and

improved upon herein are set forth in those Appendices.

Preferred Metdlods of Obtaining Improved Structural Integrit

25 .Several preferred ehbodiments of this invention relate to
methods of obtaining improved structural integrity, lower post
cure distortion, lower overall horizontal distortion, and in many
cases overall lower vertical distortion (e.g. vertical curl) by
effectively providing skin on more than just the up- and down-

30 facing surfaces of the part being formed. For example, the
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effect of providing skin at only the up- and down-facing .
surfaces, and supplying cross hatch in x~z (X hatch) and y-z (Y
hatch) planes, is to create an internal structure consisting
essentialiy of relatively long columns of substantially
untransformed material trapped by at least partially transformed
crosshatch and boundary material on the sides and skin on the up-
facing and down-facing surfaces. Accordingly, a leak in any
portion of the down-facing or up-~facing skin or cross hatch would
have the potential to cause distortion and unwanted drainage of
untransformed building material. However, if skin is provided in
the x-y (horizontal) plane, at more than the up- and down-~facing
surfaces, then the compartments of untransformed material trapped
by cross-hatch, boundary, and skin would be much smaller and
better-contained. Other advantages emanating from providing
additional skinned surfaces within the internal structure of the
part can include improved structural integrity, less distortion
during formation, reduced post-curing times, and reduced post-
cure distortion. Additionally, surface finishing can be

performed before post-curing, and in some circumstances, post

curing can be completely avoided. There are various preferred

embodiments that employ different approaches in obtaining this
additional fill.

A first group of embodiments utilize exposures analogous to
traditional skin filling techniques in that the £ill is generated
by a series of overlapping exposures. These embodiments may or
may not employ the use of what is traditionally known as cross-
hatch and fill in the same region of a cross-section.

In a first preferred embodiment an object is formed on a
layer by layer basis initially by the exposure of building

material to boundary vectors on a cross-section, followed by
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exposure of crosshatch vectors on the cross-section, and finally
followed by exposure of skin £ill vectors on any up-facing and
down-facing regions on the cross-section. Additionally, on
periodic or random (with a certain probability of occurrence)
cross-sections even in non-down-facing and in non-up-facing
regions skin fill vectors are provided and exposed. For example,
at every 1/2 inch vertical interval through the part, which at 10
mil layers corresponds to every fifty layers, skin vectors are
generated that provide for skinning of the entife cross—-section.
These skin vectors are provided in a form in which areas that are
down facing can be distinguished from areas that are not down-
facing so that different cure parameters can be used if
necessary. It is possible to distinguish other regions but it
has been found unnecessary to do so. The advantages of this
approach have been previously described.

Of course other vertical spacing of skin £ill is possible
including geometry selective spacing. That is some geometric
features may be better handled by one spacing of skins while
others require a different spacing of skins. 1In this embodiment
the boundary vectors and crosshatch vectors that are used to
achieve adhesion between layers are generally given some overcure
to insure adequate adhesion. However, the skin vectors that are
used in non-downfacing regions can be given a cure depth that is
less than, equal to, or greater than the layer thickness. It has
generally been found that a skin depth greater than the layer
thickness causes excessive curl and therefore isn't optimal. The
skin vectors (combined with all other vector types) in a down
facing region are, on the other hand given, only a one layer
thickness cure depth. This embodiment can be combined in all, or

in part, with the uniform skin thickness methods to be described

e oL e T =
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This method of building can be substantially implemented by
Slicing the desired CAD object file, or the like, twice and then
editing and merging the resulting .sli files together. The first

5 slice is done with normal slicing parameters. For example by

using X and 60/120 crosshatch with a 50 mil spacing and using X
skin £i11 with a 3 mil spacing. The second slice is done without
the use of skin f£fill but with the use of closely spaced

crosshatch (which will function as skin fill) of type and spacing

ae

10 equivalent to the skin spacing of the first slice. For exanmple,
continuing with the previocus example, the second slice would be
done with the same layer'thickness but with only X type
crosshatch spaced at 3 mils. After creation of the second slice
file, it is edited by hand or by a program that can go in and

15 remove the skinning cross-hatch associated with the cross-
sections not using f£ill in the non-down-facing and non-up-faéing'
regions. Next the two files are merged together using merging
options that keep all the vectors from the first slice and that
keep only the remaining X layer crosshatch vectors from the

20 "second slice (all other vector types are removed including near-
flat down-facing crosshatch). These hatch and f£ill vectors are
still distinguished by block headers that indicate which merge
object they came from, Therefore the combined filelcan be built
as a single object.

25 One must be sure to give the proper exposure values to each
vector type. Therefore, the hatch vectors from the second slice
object are given associated exposure values egquivalent to skin
£ill. This procedure will produce an object substantially like
that described above. However, there are several differences

30 between this implementation and that desired. First the regions
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of down-facing features and up-facing features might be given a
double exposure {and therefore extra undesired cure depth)
depending on whether the crosshatch from the second slice of the
object is still included in the combined file or not. Second,
since the present Slice program doesn't generally separate non-
down facing hatch from down-facing hatch (except in the near-flat
regions), there will be an additional cure in the down-facing
regions since the crosshatch must be overcured somewhat to insure
adhesion between cross-sections.

FIGURES 14a and 14b depict a side view of an cbject built
according to the techniques of this first embodiment. FIGURE 1l4a
represents a side view of the CAD designed cbject. The dotted
regions indicate solid regions. FIGURE 1l4b represents a side
view of the object as built according this first preferred
embodiment wherein ev;ry third layer is skinned to help increase
the structural integrity of the object. The regions labeled with
forward slashes, “/", indicated regions that are skinned because
they are down-facing. The regions labeled with back slashes,
m\# indicate regions that are skinned because they are up-
facing. The regions that are labeled with X's indicate regions
that are to be skinned according to the teaching of the present
embodiment that would not otherwise be skinned. Layers 1, 4, 7,
and 10 are to be skinned according to this embodiment.

In a second preferred embodiment an object is built by
providing and exposing boundary vectors on each layer, crosshatch
on each layer and skin £ill vectors on each portion of each
layer. As with the previous embodiment and the following
enmbodiments, this second embodiment is not restricted to part
building with the use of vector data. The vector data is simply

used as an implementaticn of the concepts of the 1nvent10n and

mnm\ti"".nnl n ET
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other methods of implementation could be used. Certain concepts,
of the invention deal with amount of solidification on each
cross-section and/or the order of material solidification on each
cross-section and/or the depth of solidification of each region
on each cross-section. This second embodiment is similar to the
first described embodiment except that now skin-fill is supplied
on every region of every cross-section not just with down-facing
features, up-facing features, and with periodic cross-sections.
This second embodiment therefore results in green parts that have
little or no substantially untransformed material trapped
internal to their boundaries. There will be no substantially
untransformed material if the effective skin depth thickness is
equal to or greater than the layer thickness. There will be to a
greater or lesser extent some substantially untransformed
material if the effective skin cure depth is less than the layer
thickness. As with the previous embodiment, it is desired to get
some net overcure between regions of a cross-section that overlap
with regions of the previous cross-section to insure adequate

adhesion, but it is desired in down~facing regions that the net

"cure depth be uniform and be of only a one layer thickness cure

depth. It has been found that with embodiments like the present
one, where substantially all material on each cross-section is
substantially transformed, that vertical curl can and generally
does go up significantly but that horizontal distortion goes down
significantly. It is known that the amount of curl (both
horizontal and vertical) can vary tremendously depending on the
amount of overcure between layers; the amount of overcure between
adjacent lines on the same cross-section; the extent of the area
over which the overcure takes place; the thickness of the layers:

and the order of intercross-sectional solidification as well as

e rm———— 5 P———
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the order of intracross-sectional solidification. If parts are
to be built that contain few unsupported critical features, or in
which the unsupported features can be supported by Webs, the
direct application of this embodiment can lead to substantial
improvements in part accuracy.

If the part to be built does contain critical regions that
cannot be well supported then modifications to this embodiment
can be helpful in reducing the vertical "curl® type distortion
that may result. These modifications might include the use of
the teéhniques of this embodiment (or "continuous skinning" or
nskintinuous"”) on only the regions that are or can be adequately
supported and continuing to use the standard building methods of
boundaries, widely spaced crosshatch, down-facing feature
skinning routines, and up-facing feature skinning routines on the
other regions of the part. "Strongarm" building techniques can
be effectively used in these other regions of the part. The
result of this modified approach would be substantially increased
horizontal accuracy in the supported regions with no sacrifice in
vertical accuracy in the unsupported regions. -

Other modifications, to avoid increased vertical distortion
include the use of Smalleys, descrited in copending U.S. patent
application 183,015; the use of Multipass drawing techniques,
described in copending U.S. Patent Applications 182,823 and
339,246; the use of Rivet type layer to layer adhesion
techniques, described in copending U.S. Patent applications
182,823 and 339,246; the use of "strongarm", "log jam", and
vquilting"; as well as other techniques to be described
hereinafter; and similar techniques; and combinations thereof.

As with the previously described first embodiment methed of

building, this method of buildinq can be substantially
REPLACEMENT SHEET
l 19 DEC 1997 l

33




step si ze (SS) of 16 AII skln f|II vectors ran paraIIeI 10 to the

x-axis with a 2 ml| offset between them (As a side note,~ nmeasurenent obareyy
skin thickness under simlar cure conditions indicated that the cure 190/179.7
t hi ckness was approxinmately 20 mls. The building nmaterial was SLR 800,

Chem
mﬁiementeéﬁ%y Slicing the desired CAD object file, or the like,._

manuf act ured by DeSo
twice and then merging the files together. The first slice is
done with relatively normal slicing parameters, except no skin
£ill is used. One example is by using X and 60/120 crosshatch
5 with a 50 mil spacing. The second slice is done, again, without
the use of skin £ill but with the use of closely spaced
crosshatch of type and spacing equivalent to that which is
desired for forming skin £ill on each layer. For exanple the
' second slice may be done with the same layer thickness but with
? 10 only X type crosshatch spaced at 3 mil. After creation of the
: second slice file, the two files are merged together using
merging options that kxeep all the vectors from the first slice
(except any skin f£ill vectors that were used) and that keep only
the X crosshatch (including near-flat down-facing cross-

15 hatch) from the second slice file (all other vector types are
removed). The hatch from'the first slice and the fill vectors
from the second slice (actually hatch vectors from slice 2) are
still distinguished by block headers that indicate which merge
object they are from. Therefore the combineq file can be built

0 as a single object being sure to give the proper exposure values

. to each vector type. Therefore the hatch vectors from the second
slice object are given associated exposure values egquivalent to
skin £ill. This procedure will produce an object substantially
like that described above as the preferred method of this

25 embodiment. However, there is a difference between this
implementation and the desired one described above. Since the
present Slice program doesn't generally separate non-down facing
hatch from down-facing hatch (except in the near-flat regions),
there will probably be an additional cure in the down-facing

30 reqions since the crosshatch may need to be somewhat overcured to
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insure adhesion between cross-sections.

With the second embodiment and the first embodiment as well
as with embodiments described hereinafﬁer, there are.many way to
use the existing commercial software or to modify the outputs

5 from the present commercial software to at least partially
implement the various embodiments. The implementations herein
are only meant to be examples of such techniques.

In a third preferred embodiment each cross-section is
supplied with boundaries and skin £ill vectors only (this

10 embodiment does not utilize crosshatch. In this third embodiment
the boundaries may be cured to an effective depth equal to the
layer thickness or greater than the layer thickness depending on
whether they are to be used to cobtain adhesion with the previous
cross~section or whether they are to be used to form a down~

15 facing feature. As with the previous embodiment the skin vectors
in non-down-facing regions may be cured to a depth less than,
equal to, or greater than the layer thickness. It has been found
that if skin vectors are cured to an effective depth greater than
the layer thickness, by usual curing techniques, vertical curl

20 will be greater. Therefore, if it is desired to cure the skin
vectors to such a depth it is advisable to utilize a drawing
method that will help to reduce curl, such as multipass.
Multipass is a method of solidifying material in at least a twe
step process, wherein a first exposure of material to the

25 synergistic stimulation leads to a depth of cure less than the
layer thickness and the second pass {(or higher order pass)
results in a net cure depth that insures adhesion. Multipass is
an effective way of reducing curl. An additional enhancement of
multipass scanning is described in copending patent application

10 429,911 regarding the use of multiple wavelengths during the
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multiscanning process. A short penetration depth exposure is
given on the first one or more passes to insure that substantial
transformation of building material oécurs prior to one or more
additional exposures using long penetration depths that are used
to obtain and insure adequate adhesion between cross-sections.

An additional problem that might occur with this third
embodiment is that of excessive horizontal curl. In the previous
embodiments horizontal curl was kept to a minimum by the exposing
of crass-hatch prior to the exposihg of skin, wherein the cross-
hatch would act as a stabilizing frame upon which skin could be
formed. Since this third embodiment dcesn't contain crass-hatch
it may be necessary to utilize a horizontal curl reduction
téchnique also.

Such techniques include the use of nonconsecutive vector
drawing, the use of non-overlapping fill vectors (e.g. "weave"
which is the topic of embodiments to be described later), and the
filling of non-consecutively drawn vectors by intermediate
vectors {(in many respects this is a horizontal version of the
multipass technique described above). The non-consecutive
ordering of vectors refers to a technique of supplying fill or
hatch vectors with a particular spacing and then exposing the
vectors in a nonconsecutive manner. In traditional
stereolithography fill vectors are cured in a consecutive order.

An example illustrating the differences between consecutive
ordering and non-consecutive ordering is depicted in FIGURE 7.
FIGURE 7a illustrates a cross-section of boundary 200 and
containing unidirectional £ill vectors 201 to 209. 1In
traditional stereolithography the order of drawing is from vector
201 to vector 209. The direction of scanning each of these

vectors has generally been such that the ;mount_pf jumping
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between vectors is minimized. The odd numbered vectors have
generally been drawn from left to right and the even numbered
vectors have been drawn from right to iaft. Therefore the entire .
fill can be drawn with minimal jumping between the head of cn;
vector and the tail of the next.

FIGURE 7b illustrates a similar cross-section but wherein an
example of nonconsecutive drawing order is used to minimize any
horizontal curl that might have a tendency to occur. The cross-
section is surrounded by boundary 220 and it is filled with
vectors 221 to 229. The drawing order is from 221 to 229,
therefore every other vector is skipped on a first pass of
drawing and then the vectors skipped on the first pass are
scanned on a second pass. This technique is especially useful
for minimizing curl when two consecutively scanned vectors are’
separated by a distance so that the material cured by each vector-
individually dcesn't connect to the material cured by the
consecutively scanned vectors. Then on a second pass (or later
pass) the gaps between the material exposed by the first pass are
filled in by the additional pass which scans vectors intermediate
to those of the first pass. If the width of cure of each vector
is relatively wide compared to spacing between vectors it may be
necessary to skip more than just every other vector. For example
it may be necessary on a first pass to cure one vector and skip
three vectors then cure another vector and skip the next three
vectors, and so forth. On the second pass one may then cure the
intermadiate vector of each set of 3 vectors not drawn on the
first pass, and then finally on a third pass the remaining
unexposed vectors are scanned. This is illustrated in FIGURE 7c.

The boundary 240 is filled with vectors 241 to 249 wherein the
REPLACEMENT SHEET
3. 19 DEC 1997
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If the skin vectors will only be given an effective cure
depth less than or equal to the layer thickness it will likely be
% necessary to supply additional exposufe in the form of point
. rivets, or the like, on the portion of the present cross-section
5 that overlaps the previocus cross-section. The proper use of
rivets will lead to adequate adhesion between layers but will
also tend to keep vertical curl to a minimum. As with the deeper
cure depth methods this approach may also require the use of

2 horizontal curl reduction techniques.

22

% 10 As with the previously described methods of building, this
method of building can be substantially implemented by a user by
Slicing the desired CAD object file, or the like, a single time.
The part is sliced with cross-hatch but without skin vectors.
The crosshatch vectors are spaced with a separation typical for

15 skin £ill. One or more crosshatch types may be simultaneocusly
used. For example, one can use both X and Y hatch with a spacing
of four mils each. If the maximum cure width of cure for a
single pass along one vector is equal to or greater than the
spacing between vectors {e.g. 12 mil MCW) and one doesn't want

20 consecutively cured vectors to effect one ancther then a drawing
pattern similar to that described for FIGURE 7c can be used for
each type of crosshatch. This procedure will produce an object
substantially like that which would be produced by the preferred
methods of the third embodiment. However, there is a difference

25 between this implementation and the desired one described above.
Since the present Slice program doesn't generally separate non-
down facing hatch and boundaries from down-facing hatch (except
in the near-flat regions) and boundaries, there will probably he
an additional cure in the down-facing regions since the

30 crosshatch may be somewhat overcured to insure adhesion between
REPLACEMENT SHEET
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cross-sections.

A fourth embodiment is similar to the third just described
but it doesn't use boundary vectors eiéher. Therefore, this
embodiment supplies and exposes only f£fill type vectors. Since
there are no boundaries associated with each cross-section in
this embodiment, and therefore nothing other than surface tension
and viscosity to hold the vectors in place as they.ﬁre drawn
except where there is horizontal contact to adjacent vectors and
vertical contact with the previous cross-section, the vectors of
this embodiment must be drawn in a highly ordered manner. The
vectors must be drawn in an order and/or to a depth that assures
adequate structural support to insure that each vector stays in
place until the entire cross-section is drawn. If the vectors
are drawn in an improper order then it is possible that some of
them will drift out of position or be distorted ocut of position
prior to the completion Qf the exposure and solidification of the
cross-section. Since vertical curl generally occurs between
material cured on the presently drawn cross-section and material -
cured on the previously drawn cross-section, vectors in this
region can be drawn in a noncoﬁsecutive order and can also be
cured using two pass multipass to insure minimal curl.
Subsequently, the vectors that occcur in down-facing regions can
be cured in a non-consecutive interlaced manner with vectors from
the other hatch types. For example, one or more nonconsecutive X
type vectors can be scanned followed by the scanning of one or
more Y type vectors and then repeating the exposure of other X
type and Y type vectors until all the vectors have been scanned.
In this region the direction of scanning can be just as important
as the order of scanning. To insure the most appropriate
positioning of vectors they may need to be scanned from the
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supported region towards the unsupported region. .

Other embodiments, described hereinnext, create at least a
substantial amount of fill on a cross-section in a manner more
analogous to standard approach crosshatch vectors. That is by
supplying and exposing vectors which are spaced such that they do
not effect each other during their exposure. They are spaced at
or slightly above the expecced maximum cure width of the
individually exposed vectors. Thereby, after exposure of all
vectors a substantially transformed cross-section results with
only minimal untransformed material between the vectors. The
various embodiments of this approach are broadly known by the
name "Weave®.

The name "Weave" particularly applies to the first preferred
embodiment of this concept (the fifth embodiment of this
application). This embodiment is the presently most preferred
embodiment of the various Skintinuous building techniques. This
embodiment consists of supplying and exposing boundary vectors,
next supplying and exposing at least two types of non-parallel
cross-hatch, wherein the exposure of the first cross-hatch type
is insufficient to produce a ciure depth that results in enouqh
adhesion to induce vertical curl to the previous cross-sectlon
and wherein the exposure of the second cross-hatch type is
equivalent to the first type, thereby resulting in sufficient
exposure in the overlapping regions to cause adhesion between
cross-sections. The spacing of the crosshatch vectors is such
that they are spaced slightly further apart than the maximum cure
width ‘'of the individual vectors when given the appropriate
exposure to result in the desired cure depth.

As with the previously described methods of building, this
method of building can be substantially implemented by using SLA

0 REPLACEMERT SHEE!
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software to slice the desired CAD object file, or the like, a
single time. The part is sliced with cross-hatch but without
skin vectors. The crosshatch vectors ére spaced with a
separation slightly greater (e.g. 10%) than the expected maximum
cure width. The presently preferred system for building parts
using this embodiment is the SLA-ZSO manufactured bf 3D Systens,
Inc. of Vvalencia California. The presently preferred building
material is XB 5081 stereolithographic resin (liquid
photopolymer) manufactured by Ciba-Geigy. The presently
preferred system utilizes a HeCd laser operating at 325 nm which
typically results in a width of cure of approximately 10-11 mils
or less for a cure depth of 8-9 mils. Therefore, the crosshatch
vectors are spaced at approximately 12 mils. The presently
preferred £ill vectors are combined X and Y c¢rosshatch. The
presently preferred éiA software is version 3.60. Wwhen using the.
presently preferred software, an object is built by exposing
boundary and hatch vectors. As stated earlier, adhesion between
cross-sections is obtained at the intersection points between the
two hatch types. The cure depth of these intersection points is
approximately 12 mils when parts are bﬁilt with 10 mil layers.
This method of building results in substantially less horizontal
distortion and equivalent or less vertical distortion than when
equivalent parts are built with standard technigques. Measured
post cure distortion is substantially less than for parts
building using conventional methods.

The formation of a cross-section by this fifth embodiment is
depicted in FIGURE 8a to 8i. FIGURE 8 represents a square cross-
section which is to be cured to a uniform depth. FIGURE 8a
depicts a top view of the material cured by scanning of the

boundary vectors. FIGURE 8b depicts a sectional view of the
REPLACENENT SHEET
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material cured in FIGURE 8a along line b. The cure depth of the’
boundary vectors is the layer thickness plus some overcure amount
(e.g. 10 mil layer thickness + 6 mil errcure). FIGURE 8c
depicts a top view of the material cured in response to the
scanning of the X cross-hatch on a dashed background of material
cured in response to boundary vectors. FIGURE 8d depicts a
section view of the material cured in FIGURE 8c along line d-d.
The cure depth of the X crosshatch is less than one layer
thickness (e.g. 8 mil cure depth for a 10 mil layer thickness).
The exposed regions are relatively wide compared to the unexposed
regions. That is, the spacing between hatch vectors was only
slightly more than the maximum cure width of the hatch vectors
{e.g. 12 mil spacing of hatch vectors and an 11 mil maximum cure
width).

FIGURES 8e and 8f show similar cured material for Y
crosshatch vectors. FIGURE 8g depicts a top view of the
superposition of material cured as depicted in FIGURES 8a, 8c,
and 8e. The small square zones in the FIGURE represent uncured
material. The size of these squares is about 1 mil on edge or
less whereas the solidified material between them is about 11
mils on edge. FIGURE 8h represents a side view of the cured
shaée of material along the line h-h of FIGURE 8g. Line h-h is
directly above the maximum cure from an X hatch vector. FIGURE
8i represents a side view of the cured shape of material along
line i-i of FIGURE 8g. The cure depth of the regions where the X
and Y hatch vectors overlap has increased to something greater
than the layer thickness. Line i-i is located between the cure
of two adjacent X hatch vectors. Most of the area of the cross-
section is more like FIGURE 8h than FIGURE 8i. The exposure in

FIGURE 8h isn't uniform but the nonuniformity is less than that
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produced in the traditional approach to skinning a surface during
part building. The main reason for this reduction is that there
isn't a superposition of discrete hatch vectors with a six mil
over cure each which results in up to an 11 mil overcure, or

5 more, at their intersection points combined with skin vectors
that form a uniform layer thickness cure depth. Instead there is

" simply a double exposure of closely spaced hatch that produces a

substantially uniform cure depth with points of approximately 5
mil overcure superimposed on it.

10 A variation of this fifth embodiment is to use weave in all
non-down-facing regions and to use other more traditional
approaches to skinning (including the uniform skinning methods
described below) on the down facing features and to give these
down-facing features a layer thickness cure depth.

15 A sixth embodiment of the present invention is similar to
the fifth embodiment just described except in the sixth
embodiment the crosshatch (or fill vectors) are offset or
"staggered” from layer to layer. One implementation of this
method is to offset the vectors on adjacent layegs by 1/2 the

20° hatch spacing. Therefore, the hatch vectors on every other layer
overlay the same hatch paths. Other forms of layer to layer
offset are possible wherein the overlaying of hatch.paths (hatch
paths are lines on a given cross-section that have the potential
of being crosshatched) is repeated at some other period than on

28 every other layer. For example hatch paths may not overlay each
other for 3 or more layers.

Offset or "staggered" crosshatch may be utilized with
standard building techniques as well as with the various
embodiments of the present invention. The advantages of using

30 offset crosshatch with standard building technxques (that is

.......
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widely spaced hatch) involve the production of smoother vertical-
surfaces of an object, more uniform volumetric properties, and
possibly less curl between layers sinceé adhesion between layers
is due to points instead of lines.

In building parts for investment casting, that hollow parts
lead to less structural strain on the casting molds as the
building material is burned away. Hollow parts can be built with
crosshatch but without skins, thereby tending to alloew
untransformed material between the cross-hatches to drain from
the objéct. Solid parts tend to expand and crack investment
casting molds, whereas hollow parts have less of a tendency to do
so. However, building hollow parts can be a problem even when
skin fill isn't used if the hatch vectors on successive cross-~
sections lie on top of each other. Untransformed building
material can be trapped between the cross-hatch and the
boundaries which trapped material can later become solidified,
thereby losing the desired hollow part characteristics of the
object. However, if the centering-to~centering distance between .
crosshatch vectors is greater than approximately twice the cure
maximum width, then offsetting the vectors by 1/2 the spacing on
every other layer will result in a part where substantially all
of the internally untransformed material can flow through various
gaps and thus can be removed prior to using the part to make an
investment casting mold. This advantage of offset crosshatch is
illustrated in FIGURES 9a and 5b.

FIGURES 9a and 9b illustrate the sixth embodiment and depict
side views of an object whose boundary vectors are offset from
one another but are not offset sufficiently to allow drainage of
untransformed material between them (these are nonvertical but

steep boundgries as opposed to flat or near-~flat boundaries).
[REPLACENENT SHEET
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FIGURE 9a depicts ‘a part built with overlaying crosshatch and
therefore pockets of untransformed material trapped within it.
FIGURE 9b depicts the part puilt with offset crosshatch therefore
allowing pathways for removal of internal untransformed material.
5 Assuming the top of each partial cbject reconverges so that
building material cannot be removed from the top, as shown in
FIGURE 9a, only pockets 306 and 308 can drain whereas 302, 3C4,
310, and 312 cannot drain. In FIGURE 9b, the entire internal
area of the part forms one interconnected pocket from which
10 substantially all untransformed material can drain. If using a
photopolymer, drainage can be enhanced by utilizing elevated
temperatures to reduce resin viscosity. Since a primary
principle of the present invention is to solidify as much
internal material as possible this sixth embodiment of offset
15 crosshatch diverges from the skintinuous bulldlng techniques.
But it is a useful bulldlng method in its own right. 1Its ability
to reduce post cure distortion is discussed in Example 6.
Other embodiments of the nonoverlapping approach to buildin§
can be developed from appropriate combinations with techniques
20 discussed in conjunction with overlapping exposure techniques as
well as with the additional embodiments of the present invention
to be described hereinafter.
Besides the two main approaches described previously, that
is overlapping fill or non-overlapping £ill on at least a portion
25 of the cross-section#, there is an additional class of
embodiments that is used to increase structural integrity. This
next c¢lass of skintinuous embodiments is based on the curing of
discrete points of material called ngullets® instead of the
curing of overlapping or non-overlapping lines of material. The

30 bullets are ¢ i ssociation with a single cross-section as a
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plurality of substantially nonoverlapping exposures. The
embodiments of this approach comprise methods of solidifying

primarily internal regions'of cbjects whereas the down-facing and

FTRLY N

up-facing regions of the object may be cured by the other
5 approaches described herein.

The seventh embodiment of Skintinuous (the first embodiment
of this class) involves curing the internal portions of desired
cross-sections by exposing material within the boundaries of the
cross-sections as a series of discrete points. The points that

% 10 are exposed on a given cross-section are spaced from each cother
by a distance slightly greater than the maximum diameter of the
cured material formed upon exposure of the material to
synergistic stimulation. In other words, on a single internal.
cross-section a substantial portion of tﬁe material is cured in

15 the form of point exéosures with a small gap separaﬁing sach
point exposure from its neighbors. This separation stops the
transmission of stress and therefore diminishes curl. Each point
is cured to a depth equal to or slightly greater than the layer
thickness to insure adhesion between cross-sections. On the next

20 cross-section the pattern of exposure is "staggered" or shifted
so that the point exposures on this next cross~section are
centered above the gaps between the points on the previous cross-
seqtion. This shifting pattern of bullet exposures is continued
on alternating cross-sections until the desired region of the

25 part is complete. This allows substantial structural integrity
to be developed between cross-sections while decreasing the
amount of curl when building with a given layer thickness.

Two consecutive overlapping sample cross-sections are shown
in FIGURES 10a and 10b, These sample cross-sections depict a

30 cross-section boundary 400 enclosing a series of point exposures.
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FIGURE 10a depicts point exposures 402 located on a particular
grid whilé FIGURE 10b depicts point exposures offset (staggered)
from those in FIGURE 10a. A comparison of the two FIGURES
indicates that the bullets on one cross-section are centered in
5 the middle of the space between bullets on the previous cross~
section. FIGURE 10c depicts substantially a side view of the
combined FIGURES l0a and 10b along line c-c. This FIGURE, at
least in a 2 dimensional view, illustrates how the bullets are
staggered from layer to layer., The illustrations of'FIGURE 10a
10 and 105 depict a particular arrangement of points on a given
cross-section but other arrangements are possible. For example
to get a tighter fit of bullets (higher ratio of transformed to
untransformed material on a given cross-section) one could locate
the points in a hexagonal pattern. This hexagonal pattern when
15 combined with higher cross-sections could form a hexagonal close-
pack structure. Therefore each bullet would have 6 nearest
neighbors on the cross-section as opposed to only 4 as shown in
FIGURES 10a and 10b.
This method of building with bullets can only be partially
20 implemented from present 3D Systems software. This
implementation is only partially satisfactory. Proper
utilization of this embodiment requires nodified software.
The implementation from the present software is done by
slicing the object with a single type of crosshatch vectors (e.g.
25 X vectors) with a spacing slightly larger than the diameter of
the bullets of material that will be formed. The object is
sliced a second time with the part offset by 1/2 the spacing
along the direction perpendicular to the chosen crosshatch
direction (e.g. the Y-axis). The two objects are merged together

30 using options that shift the second file by -1/2 the crosshatch
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spacing along the perpendicular direction (e.g. Y-axis) and 1/2
the crosshatch spacing along the X-axis. Also the merqging .
options used remove all the vectors frem the second slice file
exeept for the cross-hatch vectors. Then the resulting file is
edited to remove the hatch vectors from alternating slice files
on alternating layers.

When vectors are cured using the present softw?re they are
not cured by a continuously sweeping beam but by a beam that
jumps a small distance (e.g. integer multiples of 0.3 mils) known
as the stepsize or SS, and then it waits at each allowed SS
position a period of time known as the step period or SP (e.q.
integer multiples of 10 microeeconds). The particular
positioning for both timing and jumping is based on the beginning
point of each vector that is drawn. When the ohject is built,
the SS value used is equivalent to the epacing between vectors
(e.g. 12 mils or approximately an SS valee of 40). Since the two
files were offset when they were sliced along the direction
perpendicular to the hatch direction and then shifted back
together during merge, the Y-value associated with each bullet
will be offset by 1/2 the crosshatch spacing on alternating
layers. Since the files were merged then offset from each other
by 1/2 the cross-hatch spacing along the direction of the
crosshatch the X-value associated with each component will be
offset by 1/2 the crosshatch spacing between alternating layers.

This method of implementation is useable but not always
satisfactory since in some of the extreme values, the X-component
of each vector fall slightly (1/2 the crosshatch spacing) outside
the boundary of the cross-section. Other software based methods
of implementation using the present software are based on slicing

the part twice as described above but here each part is sliced
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with a layer thickness twice as lﬁrge as desired and one of the
parts is shifted by 1/2 the layer thickness prior to slicing and
then shifted back during merging.
A useful tool for implementing this embodiment from the
5 present software without a major change would be to include a
parameter that would allow crosshatch vectors to be reduced in
length at each end by a specified amount. This would allow
shifting along the direction perpendicular to the hatching
direction, along with the reduction of the vectors created by the
10 second slice by 1/2 the crosshatch spacing, followed by the
reregistration of the files during merging. Also of use would be
an editing program that could read through the merged file and
remove selected vector types from appropriate cross-sections.
If one is building an cbject with an orientation that is
15 substantially more susceptible to curl than the perpendicular
orientation, this embodiment may be modified to that of an
embodiment of offset unidirectional crosshatch. Here the
direction of offsetting would be the direction most susceptible
to curl and the direction of the vectors would be the less

20 susceptible direction.

The eighth embodiment of the present invention is similar to
the seventh embodiment but the bullet's are cured so as to
solidify material in association with the previous cross-section
as well as the present cross-section. Therefore the cure depth

25 of each bullet is typically equal to or somewhat larger than two
layer thicknesses. Accordingly, in this embodiment, it is
important, when working with a particular cross-section, to know
not only the internal regions of the present cross~section but to
also know the internal overlapping regions of the previous cross-

30 section. The spacing of the bullets is somewhere between what it
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was in the previocus embodiment and the diameter of the bullet at
one layer thickness below the present cross-section. The
adhesion between layers is gained substantially by adhesion
between the sides of the bullets on the present cross-section at
5 a position one layer thickness below their upper surface and the
sides of the bullets on the previous cross-section at their upper
surface. A side view of the bullet positions on adjoining layers

is depicted in FIGURE 1l1. It is noted that the present

e

embodiment is primarily for regions of the object two or more
10 layers from down facing features.

In still other embodiments, transformation of material that
is located on one cross-section may occur from exposures given in
association cross-sections two or more layers higher up.

As discussed above, several new skinning technigues can

15 advantageously be used in connection with this invention, based
on non-consecutive ordering of skin vectors. Traditionally, skin
vectors are ordered head-to-tail, such that a first vector pass
is made along a £ill path from one boundary to an opposing

N boundary, and a pagsgalozg4§5? ‘next vector is then made, slightly

20 offset (e.g., t;ETE;ii;_E;Siﬂafto 4 mils)from the first), from
the latter boundary back to the first. However, it has been
found, in accordance with some of the preferred embodiments of
this invention, that distortion can be reduced by appropriate,
non-consecutive scanning and therefore nonconsecutive formation

25 order of skin fill . Specifically, the offset between vectors
can be advantageously increased (e.g., doubled or tripled, or
more), such that the successive skin vectors have less impact, or
do not impact, upon adjacent lines of cured building material
for a given series of passes across the surface of the region of

30 the part being formed. Additionally, in one or more successive
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series of passes, additional skin vectors can be drawn between
those that had been drawn in the earlier series of passes. These
embodiments preferably have crosshatch vectors on each layer as
well as skin vectors.

Yet another embodiment according to which distortion can bes
minimized involves skinning in different directions for different
layers. For example, in a part having x- and y- hatch on each
layer, odd layers can be skinned in the x-direction and even
layers in the y-direction, or vice versa.

In still another embodiment, skin £ill can be provided in
both x- and y- directions on a given layer having x- and y-cross-
hatch.

According to a most preferred embodiment, however, x, 60°
and 120° cross-hatch is provided with skin £ill in at least one
of the x, 60°, or 125' directions, and preferably, in each of the
directions. In a preferred variation of this embodiment,
discussed in more detail below, the skin vectors of a given
direction are not traced directly over the hatch vectors of the
same direction, thereby avoiding excess exposure to any given
location. Moreover, since exposure is provided in three
directions over any given point in a skinned layer, the vector
scanning speed can be increased by a factor of three to yield
one~third of a normal exposure per vector, resulting in a uniform
exposure after all three directional passes are made.

Another embodiment is that of "tiling". 1In this embodiment
one of the previously mentioned approaches is utilized in
exposing individual "tile-like" regions wherein small spacings of
material between the individual tiles are left untransformed to
act as stress relief zones. The size of the individual tiles can

range from that of a point exposure to that of an entire cross-
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6.35 au,
section, with the most preferable size range between(ﬁ/4 of an

mch)on &?e"’t‘d\{:!/«s of an inch)on edge.

Tiling is a method of forming a layer of an object produced

i

by stereoclithography, wherein the layer is divided into a series
of area elements or tiles., Each area element is isolated from
adjacent area elements by spacings. The spacings around each
area element remain untransformed, at least until all neighboring
‘area elements or tiles are transformed or soli#ified. The
spacings between the individual tiles are left untransformed to
act as stress relief zones. The width of the spacing is
typically small compared to.the width of the individual tiles.

Tiling can alsc be used as another technique of curl
reduction when implemented on a second or higher layer above a
down-facing feature. Generally no curl is generated on a down-
facing feature so there is no need for tiling as a curl reduction
technique on a down-facing feature. It should also be noted that
tiling does not generally apply to down-facing features because
there is no underlying structure to attach individual tiles to
during the transformation process, i.e., tiling may be applied
only to a supported area as opposed to an unsupported area.

Since the tiles are individual and discreet relatively small
areas, the use of tiles limits shrinkage to the boundary of the
tile. This reduces stress and curl on the tiled layer, an
especially important consideration in the first few layers
immediately above a down-facing feature. Curl generally occurs
mainly in down-facing features. These features curl upwardly as
a result of the formation of the next several overlying layers.
On the other hand, a potential disadvantage of tiling is that it
possibly provides less strength.

The spacings in between the tiles can be transformed or
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solidified (referred to as grouting or mortar) usually after all
of the tiles have been formed. An entire object can be made by
tiling to reduce post treating. This grouting is usually
transformed to a lesser degree than the tiles (a lower exposure
5 is used).
By way of example, when using a presently preferred material
.such as XB5081 Oar:;?(;m 11:11) layers, tiling may be used in forming
the first through twentieth layers above a first layer of a down-
s facing feature and especially to fffm layers through 10 (assuming
§ 10 the first layer is supported). L—_j(;; mil)layers are used, tiling
would preferably be applied in the range of the 1lst through 10th
layer and especially in the 1st through 5th layer above a down-
facing feature.
bot 2 gqueferably, the tile sizes ranggzgiog.tgg ziSth of a laser
15— beam!(about 0.010 incheg, t7+mmy ug“zs"fssazqﬁ*zzé-o 150 inch}
with the most preferred range being from 3/4~2 millimeters on
edge.
The spacings or gaps in between the tiles should be as small
as possible, within the limits of accuracy of placement and cure
20 width of a bean of synerqistzc stimulation. The typical width of
0,025 ~ 0.15 mm>
these gaps 1s in thet?EEEE"BTQE-lo mxls)after exposure and cure.
It is important that the material in the spacings or gaps not be
transformed or solidified sufficiently to transmit stress.
Where a scanning mirror-directed laser beam is used to
25 transform the material, the "jumping™ speed from tile to tile
across the spacings must be considered. The mirror{s) directing
the laser has a moment bt inertia which limits its rate of
~ angular acceleration. 1If the laser is to jump from the edge of

one tile to the adjacent edge of another tile, the jumping speed

30 is limited since there is only a very small distance in which the
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mirror can accelerate before it must begin to decelerate to

propefly direct the laser onto the edge of the next adjacent
tile. Since the jumping speed is limited, the material in the
gap may be inadvertently partially cured by the jumping laser,
5 In tiling methods wherein the laser is frequently jumping back
and forth between tiles, this can become especially problematic.
Inadvertent curing of the material in the gaps during tile
jumping between tiles can be overcome in several ways. The
mirrors can be made to accelerate faster, although a practical
10 upper limit is quickly reached. Alternatively, a shutter can be
provided to both the laser beam before reaching the scanning
mirror. However, mechanical shutters also suffer from inertial
lag and are considered too slow ta be effective. Electrically
driven crystal acousto-optic shutters can be considered. A third
15 technique, i.e., the "long jump" technique is the most
preferable. In the long jump technique, the laser is jumped from'
a far edge of a tile accelerating over the tile (the launch tile)
then crossing the gap at maximum velocity to a distant point on
the adjacent tile (the landing tile) decelerating and beginning
20 to transform the area of the tile near its far edge. By making
the long jump, the laser has a sufficient distance in which to
accelerate such that it passes over the gap at a high speed and
decelerates to the landing point distant from the gap.
Tiles can be formed in various patterns and shapes. One
- 25 basic way is to form square or rectangular tiles in a straight
grid pattern, i.e., with the gaps or grout lines extending
continuously in the two directions of the layer (x and y
directions). However, with this grid pattern, the grout lines
themselves are relatively long lengths of material which when

30 cured are subject to curling. Moreover, the tiles forming the
. |REPLACEMENT SHEET
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simple griad pattern are not structured to resist curling in

either direction caused by shrinkage of the grout lines during
curing. Thus, the straight grid tile pattern has twao axes of
weakness.

An improved tile pattern is an offset or staggered grid
wherein the tiles are staggered in alternate rows, like bricks in
a horizontal wall. With the tiles in this staggered grid

::pattern, the grout lines extend continuously only in one axis,
~.rather than in two axes as with the straight grid pattern
described above. In addition, in the staggered grid pattern, the
grout lines meet only at "three-~way" intersections rather than
four-way intersections as in the straight grid pattern.
Consequently, the grout lines can shrink from only one direction
as the tiles block off shrinkage from one side. The staggered
grid pattern has only one "weak axis" i.,e., along the
uninterrupted grout lines, whereas the straight grid pattern has
two weak axes. The tiles in the staggered grid pattern reduce
curl and also make a stronger layer by distributing weak points.

The relatively long grout lines extending in a single
direction in the staggered grid pattern can shrink substantially
but still cannot cause the plane of tha layer to bend upwardly,
as the alternating tiles are able to resist bending.

As the building material is cured, using preferred materials
{XB 5081), there is a delay of approximately 2-3 seconds prior to

. .shrinkage of the material. Consequently, it'no grout is used,
the tiles can be formed as fast as possible. However, in
embodiments which include grout, the tiles must be cured first
and allowed to shrink {for a few seconds) prior to laying grout.
Tiles can be cured by skinning. This skinning can be formed

using multi-pass, weave, rivets, as well as other techniques
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discussed previously or discussed in previously incorporated
applications. These curl reduction techniques allow the tiles to -
be larger in size without incurring significant curl. The tiles
can be cured by providing skin £ill over the entire tile surface
and then moving on to the next tile. Alternatively, the tiles
can be partially cured (e.g., a one line trace) followed by
partial curing of other tiles, and then returning one or more
times to fully cure the previously partially cured tiles.

In the staggered grid pattern, curing of the grout lines
extending unbroken in the x direction also causes shrinkage in
the y direction inducing some amount of y direction curl.

Triangles are another pattern shape which can be used in
tiling. These patterns can be replicating triangle patterns
using a single triangle size and shape, or a replicating pattern
using triangles of different shapes. 1In addition, patterns of
random triangles can also be used, so long as adjacent edges
match to create an acceptably narrow gap. With patterns of
random triangles, the grout lines can all be made short and
interrupted so as not to create any weak axes.

The hexagon is the most preferable tile shape. Hexagons can
be closed packed to form solid tiles separated by thin isolating
lines. A pattern of hexagon tiles has no weak axis and no long
grout lines. Following the hexagon tile pattern (Figure 17a) in
declining order of preference are random order and size triangles
(Figure 17b), higher order triangles (Figure 17c), staggered grid
square tile patterns {brick wall) (Figure 17d), straight grid
tile patterns (Figure 17e), square reqular array oppositely
paired triangles (Figure 17f) and square array regular triangle
patterns (Figure 17g). Other patterns besides those depicted in

Figures 17a-g exist which lead to regions of reasonably isotropic
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cure and no weak axis planes {e.g. regiéns fitted by two or typeé
of polygons or close packed circular tiles.

| In forming layers with tiling, it is preferable to stagger
the tile positions from layer to layer, such that the tiles and

adjacent layers do not align with each other. Offsetting tiles

- between layers improves strength without unduly increasing curl.

Tiles that are aligned or non-staggered from layer to layer,
{i.e., columns of tiles) may be acceptable for tiling in the
first few layers above a down-facing‘feature. Followed by
conversion to a method of building that connects the isolated
tile regions together. However, if an entire object (excluding a
down-facing portions of layer) is built with tiling, staggering
of tiles between layers is desirable. The stagger can be
intermittent, i.e., with groupings of short columns of tiles
throughout the object. If grouting is provided, staggering of
tiles between layers may not be required for strength, but may be
preferable for homogeneity.

Additional disclosure useful for implementing tiling is set

- forth in U.S. Patent Application, Serial No. R

entitled Boolean Layer Comparison Slice, Docket 190/217, filed by
Snead et al, which application is incorporated herein by
reference. This application discloses use of a across-sectional
comparisons to determine down-facing and other features
associated with each cross-section. These techniques can readily
be extended to determine areas to be tiled. These areas to be
tiled may include regions which are 1 or more layers above down-
faciné features. The most preferred method of implementing
tiling, as well as other skintinucus methods disclosed herein, is
through daviations between the cbject design or desired sbjection

design and the building representation, where these deviations
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are incorporated by a slice type program. The medifications to
the slice program for implementing tiling can include utilization
of sets of alternating closely spaced end further spaced hacth
paths. The area between the closely spaced paths determines the
grouting or gap regions whereas the area between the further
spaced paths determines the areas to be filed. A second
preferred method is by formation of a vector set of skinning
vectors which are continuous acress the region which can be
broken down into portions of vectors to be cured and portions to
be left uncured. This process of determining portions for curing
and portions for not curing can be made in the process computer
as part of a build program or the like. Of course, other methods
of implementation exist.

A main thrust of several of the above mentioned embodiments
is achieving maximum solidification with minimum distortion prior
to attachment of adjacent layers. Complete unattachment for too
long a period of time can lead to drifting of solidified material
out of it designated position. One method of maintaining the
positioning of floating solidified material without inducing curl
into a preceding layer is to attach only one point of each vector
(e.g. each hatch vector of the first pass of hatch when using the
weave approach) to the preceding layer (which will tend to fix
the vector in place). Then the one point anchored vectors, which
have been floating, are scanned an additional pass to complete
the curing process and to insure adequate adhesion between
boundaries and hatch.

Generically, multiscan techniques can be used with many of
the above embodiments to help reduce curl. The multiscan may be
done in the form of multiple passes over individual vectors or it

may be done by crossing of vectors or by riveting areas together,
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or the like.

The use of Smalley's and other curl reduction techniques nay
also be readily used in conjunction with many of the above '
embodiments to reduce various distortions.

an additional approach to minimizing curl in the various

skintinuous embodiments is called "Strong Arm". In this approach

.. the first layer of an unsupported region is given extra cure to
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make it stronger and therefore better able to resist the curl
that the weaker, thinner upper layers will attempt to induce in
it.

other distortion reduction techniques defined in the

definition section of this application can also be used.

Preferred Methods of Obtaining Uniform Exposure

Turning to FIGURES 1 and 2, it will be seen that multiple
exposure of boundaries 10, hatch lines 12, and skin £ill 14 will
likely cause cure depth variations as depicted in FIGURE. 2.

To obtain a smooth down-facing region, the net exposure over
all the area elements must be the same. While uniform cure depth
is necessary for smooth down-facing features, it is not necessary
to achieve smooth up~-facing features. These up~-facing features

attain their smooth surface finish from the smoothness of the

building material working surface (e.g. resin surface), and from

adequate strength of skins preventing their collapse from various
forces including shrinkage during post-curing.

There are three main approaches that are exemplified herein
to attain uniform exposure, particularly of down-facing regions.
While the third approach is most preferred, the other two are

within the scope of the invention, as are variations of all three
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that will be apparent to one of ordinary skill in the art in
light of the following description.

A first approach to aveid differential exposure is to avoid
the use of both boundary and hatch vectors, and only use fill
vectors to cure down-facing regions, using uniformly exposed skin
£ill that results in an appropriate skin depth. This is a viable
method of obtaining uniform exposure and therefore cure depth,
but can suffer from distortion problems, as a relafﬁvely rigid
frame (boundary and cross-hatch) is generally required to keep
the skin from distorting as it is drawn. As described
previously, if special attention is paid to the drawing order of
the vectors, this method can be made viable.

A second approach is to draw boundary and modified hatch
vectors to the full desired depth. First, hatch vectors must not
be permitted to cross other hatch or boundary vectors to avoid
extra depth being added to these solidified crossover regions.
The remaining pockets are filled in with small skin fill vectors
that do not cross any of the cured boundary or hatch lines.

This second approach can be implemented, for example, by
either of two methods.

The first method is based on a single direction of hatch
being drawn as uninterrupted vectors with hatch that runs in
other directions "jumping" the points where they cross the first
hatch type and where they cross each other. These hatch vectors
are broken into their required components and stored in an output
file for controlling the movement of the scanning mirrors
(sometimes referred to as an .SLI file). In addition to hatch
vectors that are drawn part of the time and jump the other part

of the time, individual skin £ill vectors can be created to fill

each pocket that is formed by intersecting hatch and/or boundary
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The second method is based on standard hatch and skin fill
vectors being stored in the SLI file along with a system (e.g.,
as part of the mirror driving system) that uses slice, beanm
profile, vector intersect direction, and cure depth parameters to
break down vectors into drawing and jumping elements depending on
whether they cross a hatch vector, boundary vector, or whether a
hatch vector is underneath the vectors being analyzed.

These two methods falling within the second approach require
definition of what it means for hatch and skin fill vectors to
cross or lay on top of hatch or boundary vectors. This
definition can be based on a determination of how closely an
exposed vector (both skin and hatch) can approach a hatch or
boundary vector without causing an increase in maximum cure depth
in that region. .

The first method of this second approach may result in
creating large .SLI files and large associated vector loading
times. Accordingly, the second method of the second approach is
currently more preferred, when used in conjunction with a look-up
table. The contents of such a table in each instance will vary,
depending upon the slice parameters used, beam profile
characteristics, and desired cure depth to be obtained, and can
be routinely formulated for any required set of parameters by one
of ordinary skill in the art. This system can optionally be
adapted to account for approach angles between vectors.

The third, and currently most preferred, approach is based
upon matching skin parameters to hatch parameters, to aveid
duplicate exposure by skin vectors of regions cured by hatch
vectors.

The duplicate exposure could result from skin vectors

running parallel or antiparallel to the hatch vector regions.
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the skin vectors are drawn over the cross-hatch, giving
additional exposure to hatch vectors that are not parallel to the
skin vectors as drawn. This continuation of skin £ill vectors '
will keep the .SLI file size from becoming too long. This
approach is collectively illustrated in FIGURE 3. It will be
noted that the skin £ill in FIGURES 3¢ and 3d is discontinuous in
areas corresponding to the x- and y- hatch running parallel
thereto. The uniformity of the resulting cure depth is
illustrated in

FIGURE 4.

A down-facing skin area, or "region," can be divided into
categories or "subregions," based upon the nature of the
exposure, i,e., whether and to what extent there is overlap
between different vector exposures, as follows:

subregion 1 -~ skin exposure only;
subregion 2 -- skin and hatch overlapping exposure:
subregion 3 -~ skin and boundary overlapping exposure:

hatch and boundary overlapping exposure;

subregion 4 -

and subregion 5 -- siin, hatch and boundary overlapping
exposure.

Several approaches are suitable for exposing subregions 1
through 5 such that each regicn will be given the same net
exposure. In the presently most preferred embodiments, three
criteria are paramount.

First, to provide a suitably rigid frame to support the skin
£ill, the following drawing order is preferred: first, boundary
vectors, then hatch vectors, and finally fill vectors are drawn.

Second, the fill vectors and the hatch vectors preferably

begin and end short of the boundary vectors by 1/2 the ECW of the
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boundary vectors (taking into account the angle of approach).
This reduces subregions 3, 4, and 5 to regions that contain
boundary vectors only, such that the boundary vectors should be
given the full exposure required in order to attain the desired
cure depth.

Finally, a set of fill vectors are preferably drawn parallel
to each type of hatch vector used, and all fill vector types are
preferably given the same exposure, with the exception that fill
vectors should not be allowed to contribute to further exposure
in the ;egions exposed by their parallel hatch type. For

example, if x- and y~ hatch are used, then x- and y~- fill are

also used. Also x- £ill vectors will only be created that are
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30

spaced at least 1/2 the ECW of the hatch lines away from the x-
hatch vectors. A similar relationship should be maintained for
y- £ill and y~- hatch.

This means that subregion 1 will have an exposure equivalent.
to the combined exposure of each fill type. Using the same
example of x-~ and y- hatch and f£fill, each £fill type should be

exposed to 1/2 the exposure required to obtain the desired cure

depth. Limiting £ill vector exposure in this manner has a

profound effect on subregion 2, which can be considered to
consist of two microregions: a) a microregion containing
overlapping of the various hatch types as well as the various
£ill types, and b) a microregicon containing a single hatch type
and the various fill types. Fill vectors will be absent from
this first microregion since they have been excluded to avoid re-
expcéinq hatched areas. Accordingly, the first microregion
receives its total exposure from that of the combined hatch
types. Thus, for x- and y- hatch, each hatch type will

contribute 1/2 the needed exposure. For the second microregion,
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The ndterial used paxt ¥B & lkxpbbaré ayidl be provided by the single hatch line,
’ and the remainder by fill types that are nonparallel to it. This
.results in the total expaosure being given by the exposure of one
hatch line plus the exposure from all Eut cne of the skin types.

5 Therefore, the number of exposure sources is equal to the number

of cross hatch types, and hence, to the number of skin fill
types. Using x- and y- hatch, for example, 1/2 the exposure in a
region of x- hatch is provided by this hatch and the other 1/2 is
provided from the y- fill and vice-a-~versa.

10 This most preferred approach can be summarized ae follows:
The preferred curing order begins with boundary vectors, followed
by hatch vectors, and finally by f£ill vectors. The boundary
vectors provide the desired cure depth. The skin and hatch
vectors are shortened due to the ECW of the boundaries

15 {shortened by the EEP). The fill vecteors are not allowed to
contribute to the exposure (be created) withiﬁ 1/2 fhe ECW of
either side of a parallel hatch vector. Each combination of
hatch type with its parallel skin type is used to achieve a
uniform cure depth. Each hatch vector and net exposure of its

20 corresponding fill type is given the same exposure. Therefore,
the individual fractional exposure (IFE), a dimensionless
fraction of the needed exposure, given to each type is the

reciprocal of the number of different hatch types (NHT), i.e.,

25 y IFE = 1 / NHT.

A preferred embodiment of the above is based on the use of
the presently preferred cross hatching method. This preferred
hatching technique utilizes x and 60/120 hatch instead of x- and
y~ hatch. While the foregoing discussion relates to general

30 preferred methods of reducing "waffle" appearance, it is most
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11 and 13 mls (as well as the parts built with

preferred to use this method of waffle reduction/removal in s
connection with these presently preferred hatch types, i.e.,
equally-spaced x, 60° and 120° hatch. The resulting hatch
vectors form equilateral triangles. Accordingly, there will be
5 regions where there is one hatch vector, and regions where three
hatch vectors overlap, but never, assuming accurate scanning,
regions where only two vectors overlap. The corresponding skin
£ill will be in the X, 60°, and 120°* directions. These fill
L vectcrs_will again not be allowed to produce additional exposure
; 10 within the 1/2 the ECW of either side of their parallel hatch
vectors and within 1/2 the ECW (taking into the angle of
incident) of the boundary vectors. The order of curing will
again be boundaries first then hatch and then £ill, The
boundaries will be given a full exposure to bring them to the
15 desired cure depth. The hatch and f£ill vectors will again be
shortened on each end by the EEP of the boundary vectors. The
hatch vectors will each be given 1/3 the required exposure
necessary to achieve the final desired cure depth. The fill
vectors will be scanned such that the net exposure in the "skin
20 only" region will also be given by 1/3 of this exposure.
Except in regions of boundary vectors, to reach full
exposure, each point must be scanned by three vector types of 1/3
exposure from each type. In the region of skin alone, if all
three skin types of equal (1/3) and overlapping exposure are
25 used, a net exposure of 1 will be attained. sSimilarly, for a
region of hatch and skin, one hatch type is used, along with the
two skin types not parallel to it. Each is given an equal
exposure of 1/3 to obtain a region of net exposure 1. If the
hatch vectors form equilateral triangles, it follows that each

30 time any two hatch vectors overlap,.the third hatch vector will

REPLACEMENT SHEET
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experlnent consisted of building a series of parts wth different buil diRageNT
paraneters. The parts were then._cl eaned and neasured on a coordi nate 1390/179.F

nmeasuri pg. machine (CVMM. This first set
also be present. If each hatch vector is given an exposure of

1/3, then the net exposure in this region will be 1.
In regions where boundaries occur, an imbalanced situation

exists due to the presence of a boundary vector as well as the

S other vector types described above. The possibilities include
the presence of: 1 boundary + 3 hatch vectors; 1 boundary + 1
hatch + 2 £ill vectors: or 1 boundary + 3 skin vectors. These
combinations can be addressed, for example, in one of two ways:
1) have all hatch and fill vectors stop short of the boundary {at

10 1/2 the effective cure width} and then give the boundary itself
an exposure of ocne; or 2) select two of the hatch types and the
same two skin types to cure completely up to the boundary and
stop the other hatch and skin type short of the boundary at 1/2
the ECW of the boundary. If the boundary vectors are given a

15 1/3 cure, as are the ether vectors, this combination results in a
net exposure of 1 in the boundary region. The first of the abave
two options is presently the most preferred.

Yet another embodiment is based on the use of x and y hatch
along with the second option described above. In this case, the.

20 exposure in the boundary region would be due to the boundary
vectors, one hatch and its corresponding fill type with the other
hatch and £1i1ll type stopping short. This embodiment has the
advantage of insuring better adhesion between the boundary
vectors and the £fill and hatch vectors.

25 Still another embodiment is based on the use of x and 60/120
hatch along with the net exposure in the boundary areas being
made up of exposing boundary vectors along with exposing two of
the three types of hatch and the corresponding fill vectors.

Other additional embodiments are conceivable. For example,

30 where a different cure is given to a hatch type and it
REPLACEMENT SHEET
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corresponding fill type as compared to the exposure given to the'
other hatch and fill types, wherein the net resulting exposure
still produces the desired skin depth.‘ It is also possible to
extend this approach to include other sources of print through,
such as that due to crosshatch from the layer above the one that
contains the down-~facing feature. The cross hatch on this higher
layer can actually print through the lower layer. Using a
particular material, this print through effect is reduced when
larger layer thicknesses are used and increased when smaller
layer thicknesses are used. Using experimental or analytical
methoeds, the amount of print through can be determined, and the
cross hatch on the layer containing the down-facing feature can
be given a correspondingly lower cure. After the exposure of
this layer and the following layer, the down-facing feature will
have a uniform cure. In most cases, there are crosshatch vectors
on the layer immediately following the down-facing feature where
the above compensation method would be useful. However, on rare
occasions, an up-facing feature may be on the same layer as a
down-facing feature (therefore the feature is ohly one layer in
thickness), requiring the hatch and £ill to be perfectly matched
based on the one layer thickness of cure. On layers that have
both up~- and down- facing features in the same area, it is
important to insure that only the down-facing skin is cured, so
as not to use more exposure than desired.

In the above description, only one effective cure width has
been exemplified to describe the proximity with which vectors can
approach one another, but more than one ECW and EEP can be used
in appropriate circumstances. .

The methods described herein have been implemented and

verified experimentally using x- and y~ hatch and £ill without

REPLACEMENT SHEET
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attached tq the building pl atfor'r'nh(not. Shovvn) :|'=| GURE 15b depl ct s' atop
view of ‘the two walls. The 10 | ength of the walls 510 was 4. 000 inchngENT
1

The width of each wall 500 was 0.100 inches and the separation of thejy@lihg,p
520 was ,0.-050 i nches. Building two substantially back to back walls all owed
each mall to be post cured by synergistic stinulation
need of modified software. An object can be sliced using x~- and
y~ hatch and x- and y- skin fill. The SLI file created can then
be edited by hand, removing the skin f£ill vectors that are within
a specific distance of their parallel hatch vectors (this
5 distance is the ECW). This SLI file can then be merged with a
support file. The range file can then be prepared giving an
equal cure to the x- and y- hatch, and an appropriate single line
exposure given to the fill vectors in order to produce an
equivalent total exposure as that from the x and y hatch.
10 Alternatively, the software can be modified:

1) by creating a skin type corresponding to 60° cross
hatch and another corresponding to 120° cross
hatch,

2) by creating a slice option (or in some other

135 appropriate program) to allow an offset for skin
vectors to not be produced (or not drawn) in the
vicinity of hatch paths, and

3) creating an option to allow reduction of cross
hatch and £ill vectors on each end by a required

20 amount.

| Another preferred embodiment of the portion of the present

inventibh dealing with obtaining uniform skin depth is based on
the idea of using the same exposure for both the hatch vectors
and the skin vectors. The hatch vectors and skin vectors are

25 drawn at the same scanning speed. In the previous embodiment,
the net area exposures where the same not the individual vector
exposures. In this embodiment there is no need to produce
separate crosshatch. Instead, periodically spaced skin vectors
are pulled from the skin list and put into a hatch list for

30 exposure prior to exposing the remaining skin vectors. These

cs . [REPLACEMENT SHERT]
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t he CNNIon each mall are also deplcted in FIGURE 15b Nbasurenents 540 PATENT
550, 570, and 580 mere made at approximately 50 mils (0.050 inches) fueoyi7s.r

the edge of the wall and approximately 100 m|s below the upper 3
surface of the wall, %E#renents 560 and 590 were pmde al ong the sane edge -
of the wall and appPokidHt¥el8¥PeEed it FEFERFS tfé‘"ﬁbb@? as, Fragehdich gad as such
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this method no longer requires the computation of the Ecﬁ for
crosshatch and skin vectors. For the hatch vectors to have

adequate strength in order to form a ffame for supporting the
skin vectors, it may be useful to space the skin vectors at a
maximum spacing (but still able to form an adequately uniform
cure depth) so that the individual skin/hatch vectors will ke

relatively strong.

ofe ethods o electing and Dete n @ Dept

To make a theoretical determination of skin thickness, by
one or more methods of calculation, one would ordinarily consider
the parameters of velocity [step period (SP) and step size (SS)],
laser power, beam profile, building material, working curve cure
depth and associated maximum cure width, and vector offset.
However, if a skin is formed that is several times wider than the
laser beam, and a step size and an offset are used that are
several times smaller than the laser beam width, the energy
distribution over the skinned area will be substantially
uniformly distributed. If the energy is uniformiy distributed,
the area will be uniformly cured to a particular depth depending
on the exposure. Thus, the exposure is defined as, Energy per
unit area = Laser Power x Step Period / (Step Size x Offset).
This above relationship can be equated to’'a particular thickness
by plotting thickness versus log of exposure which, if the resin
absorption cbeys Beer's law will result in a linear relationship.
From this relationship, one can determine the slope and intercept
of this plot. Since the above relationship does not explicitly
contain focus, profile, and machine working curve parameters, the

constants determined for one machine should be directly_usable on
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center of the edge of the wal | . FIGURE 15c deplcts dlstortlon of the mells
I nduced by post curing. FIGURE 15c depicts a top view of -tthe walls. The
dashed lines 600 and 610 represent the desired shape of the walls. 30
Whereas the solid Iines represent the actual shape of the walls. 82 PATENT
190/179.F

another machine as long as the paraheters of material,
wavelength, and distance from the scanning mirrors to the surface
of the resin are the same {or accounted for).
The foregoing detailed description and following Examples

5 should be understood as being illustrative rather than limiting,
as routine variations and modifications are within the scope of
the invention as will be appreciated by one of ordinary skill in
the art. Accordingly, it is intended that the invention be

limited only by the appended claims, and all equivalents thereof.
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of points 570 and 580 are connected by a straight |ine. The anount of
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EXAMPLES
EXAMPLE I

An experiment was conducted to determine whether skinning
every layer of a part gives any advantage with regard to
minimizing distortion as compared to building techniques based on
trapping substantially untransformed material within the limits
of the part .

In this experiment, eight parts were built, in groups of
two. Each group included an object built on an elevator platform
in front of the midpoint of the platform and an object built on
the elevator platform behind its midpoint, the objects were
identical.except for their locations on the building platform. A
sample object is depicted in FIGURE 12. Each object was a-one
inch cube with no top and no bottom but with a wall thickness of
100 mils. Various silcing and merging options were used to
create four different groups:

Grp Name Description

Skntinol Front object has skin on every layer.

Rear object has skin only on top and bottom

layers.
Sknting2 -~ Front object has skin only on top and bottom
| layets.
Rear object has skin on every layer.
skntinol - Front object has skin on every layer.
Rear object has skin on every layer.
Skntin0o4 - Front object has skin only on top and bottom

layers.

Rear object has skin only on top and bottom

layers.

All (8 parts) 4 groups were built with the following parameters:

71, [REPLACEMENT SHEET
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tured by Clba GE|gy The post curlng was done in a PCA
bl ack 1ight |anps (disclosed in U S. Patent Appllc?g%zﬁg;Ng
eaning of the parts was done ultrasonically in an a 3|
Ei ght 15 pairs of parts were built using the
t echni que Layer thickness - 20 mils -

Cure thickness for layer boundaries - 26 nmils
Cure thickness for layer hatch - 26 mils.

Hatch vectors ran parallel to the x-axis and the
y-axis spaced at 50 mils and skin vectors ran
parallel to the X-axis.

Cure thickness for skin fill was not specified as thickness
but as 1/2 the step pericd (SP) for a 26 mil cure (with an SS of
2) and step size (SS) of 16. All skin fill vectors ran parallel
to the x-~axis with a 2 mil offset between them. (As a side note,
measurement of skin thickness under similar cure conditions
indicated that the cure thickness was approximately 20 mils. The
building material was SLR 800, manufactured by DeSoto Chemical.

Measurements were made on each part to determine the
resulting structural accuracy of the part. No attempt was made
to compensate for cure shrinkage. A series of measurements were
made near the top of each part. The measurements are depicted in
FIGURE 13. They are labeled 501 to 506. Measurements 501 to 501
measure distances parallel to the X axis, while measurements 504.
to 506 measure distances parallel to the Y axis. The amount of
distortion of the part along the X-axis is defined as

Distortion (X} = { 501 + 503 )} / 2 - 502,
similarly distortion along the Y-axis is defined as

Distortion (Y) = { 504 + 506 ) / 2 - 505.

The parts were skinned in the X-direction, the X-distortion is
the distortion of the wall perpendicular to the skinning
direction and the Y-distortion is the distortion of the wall
parallel to the direction of skinning.

The results are summarized as follows:

Skntinol -

e <4
"
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i R d < - all 5 & A g - AL teaan .
technlque with the nDdlflcatlon of 20 st atch fron1|ayer to -
| ayer. Two sets of parts were built using oach. It was 5?§§‘F
found, fromthe green part measurements, that aII the parts had practlcé
no distortion after being renoved fromthe vat and cl eaned. The dlstortlon

of each part, at this stfxgat Qaject, all layers skinned along the X-~direction

~ distortion of wall perpendicular to direction of
skinning = 3.6 mils
~ distortion of wall parallel te direction of
5 skinning = 9.4 mils
Rear Object, Standard building, skinned only top & bottom
~ distortion of wall perpendicular to direction of
skinning = 9.6 A
~ distortion of wall parallel to direction of

10 : skinning = 9.7 Qﬁ,

e

Skntino2
Rear Object, all layers skinned along the X direction
- distortion of wall perpendicular to direction of
skinning = 1.2 mils
15 - distortion of wall parallel to direction of
skinning = 8.2 mils
Front Object, Standard building, skinned only top & bottom
~ distortion of wall perpendicular to direction of
skinning = 9.1 mils
20 - distortion of wall parallel to direction of
skinning = 7.0 mils ‘
Skntino3
 Rear Object, all layers skinned along the X dirsction
- distortion of wall perpendicular to direction of
25 skinning = 1.5 mils
- distortion of wall parallel to direction of
skinning = 7.9 mils
Front Object, all layers skinned along the X direction

- distortion of wall perpendicular to direction of

30 : skinning = 2.0 mils

R
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-~ distortion of wall parallel to direction of
skinning = 7.7 nmils
skﬁtino4
Front Object, Standard building, skinned only top & bottom
5 - distortion of wall perpendicular to direction of
skinning = 11.0 nils
- distcrtioﬁ of wall parallel to direction of
skinning = 9.7 mils
Rear Object, Standard building, skinned only top & bottom
10 . = distortion of wall perpendicular to direction of
skinning = 9.5 nils
- distortion of wall parallel to direction of
skinning = 7.9 mils
In summary, skinning each layer in the x~direction reduced
15  distortion in dimensions measured parallel, but not
perpendicular, to the X-axis.

EXAMPLE II

In a second experiment, parts were built by skinning each
layer with skin that was perpendicular to the direction of the
20 skin on the previous layer. 1In other words parts were built with
X-type skin f£ill on every other layer and Y-type skin on the
other layers. The parts were the same as those described for

Example I, except for the differences in skinning.

" 25 P GB34
Front Object, Every layer skinned, alternating X and Y types
- Distortion (X) = 4.9 mils
- Distortion (¥) = 4.4 mils
Rear Object, Standard building, skinned only top & bottom

30 - Distortion (X) = 4.0 mils

REPLACEMENT SHEET
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Weave i.s seen to be especially useful mnimzing 10 this distortion. 83TENT
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- Distortion (¥) = 5.3 mils
Part GB350
Front Object, Standard building, skinned conly top & bottom

3.1 mils

- Distortion (X)

S - Distortioen (Y) 7.4 mils
Rear Object, Every layer skinned, alternating X and Y types
~ Distortion (X) = 5.0 mils

- Distortion (¥} = -2.7 mils

> 10 Part GB3S3
Front, Standard building, skinned only top & Bottom
~ Distortion (X) = 5.3 mils
~ Distortion (Y) = 6.2 mils
Pear, Standard building, skinned only top & Bottom
15 ~ Distortion (X) = 9.4 mils
~ Distortion (Y) = 6.8 mils

Part GB3IS2 .
Front Object, Every layer skinned, alternating X and Y types
20 '
| - pistortion (X) = 2.5 mils
; - Distortion (Y) = 3.0 mils
' Rear Object, Every layer skinned, alternating X and Y types
- Distortion (X} = 1.9 mils
25 - - Distortieﬁ (¥) = 4.1 mils
Part GBIS4
Front Object, Skinned on every layer, all skin of the Y-type
- Distortion (X) = 6.0 mils
) 30 - Distortion (Y) = 1.0 mils

. \REPLACEMENT SHEET
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materi-al to synergistic stinulation

*

Rear object, Skinned on every layér, all skin of the X-type

i

- Distortion (X) 1.5 mils

~ Distortion (Y) 7.5 mils
In summary, this data has substantial scatter but one can
5 conclude that skinning in x- and y- directions on opposite layers

appears to generally reduce distortion to some extent in each

direction.
EXAMPLE IIT
10 Similar experiments to those set forth in Examples I and II

tended to show that providing both x- and y- skin fill on each
layer generally reduced distortion in both x- and y- directions.
Similar experiments to those set forth in Examples I and I
showed that providing X- skin £ill along with X, 60, and 120
15 degree hatch on éach cross~section substantially reduced

distortion in both directions.

E PLE IV

Four 1" x 1" squares were built in a single build process on"
20 a stereolithaographic apparatus. Each square consisted of six 20
nil layers. The structural support for each layer was based on x-
and y- cross hatch, spaced at a 50 mil separation. Each square
was supported by a grid of webs placed at a spacing of 1/4"%. The
webs consisted of ten 20 mil layers. On the top surface of each
25 square a standard skinning technique was applied. Therefore, the
top surface was given x skin fill spaced at 2 mils on top of a
grid of x- and y- crosshatch. The supporting web structures were
numbered 1 through 4 while the square patches were numbered 5
through 8 (based on the merge order).

30 On the first layer of each square, X- and y- hatch were

76 " IREPLACEMENT SHEET!
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applied using a particular exposure along with a particular |
skinning technique and associated exposure. The second through
si#th layers were given the standard 26 mil cure depth for
boundaries and hatch. On the first layer the boundary vectors
were given the full desired cure depth, without factoring in any
reduction in hatch and skin vectors for the purpose of minimizing
multiple exposures in boundary regions. The skinning/exposure
technique was varied for the first layer of each patch.
Square Patch 5@ "Standard Approach to Down-Facing Skins®
bouﬁdary = 26 mil cure (SP 65, SS 2)
x- and y- cross hatch = 26 nil cure {SP 65, S8 2)
X- skin fill = half the SP of a 26 mil exposure
if ss = 2 (SP 33, SS 16); fill vectors spaced at 2 mils with
noc gaps except exact duplicates of hatch.
y~- skin £ill = None
§g§§;g_2g;gh_§: "Down-Facing Skins with Skin Slightly Under-
Exposed"”
Xx- and y- cross hatch = 20 mil cure (SP 29, S8 2)
boundary = 20 mil cure (SP 29, SS 2)
x=- skin £111 = SP for a 16 mil cure if §S = 2 (SP 17, SS
16); £111 vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors (this
means the skin fill vectors that are closest to the hatch
are 6 mils away).
y- skin £ill = SP for a 16 mil cure if S§ = 2 (SP 17, SS
16); £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors.
Sgquare Patch 7: "Down-Facing Skins with Skin Exposure Closely
Matched to Cross Hatch Exposure®™

boundary = 20 mil cure (sP 29, sS 2) |REPLACEMENT SHEET
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x- and y~ cross hatch = 20 mil cure (SP 29, SS 2)
x- skin £ill = SP for a 20 mil cure if SS = 2 (SP 29, SS

16); £ill vectors spaced at 2 mils with vectors removed that
are 2 mils and 4 mils from parallel hatch vectors.

5 y- skin £ill = SP for a 20 mil cure if Ss = 2 °(SP 29, SS
16); £ill vectors spaced at 2 mils with vectors removed that

are 2 mils and 4 mils from parallel hatch vectors.
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Square Patch 8: *Down-Facing Skins with the Skin Slightly °
Over-Exposed"

boundary = 20 mil cure (SP 29, ss'Z)

X~ and y- cross hatch = 20 mil cure (SP 29, SS 2)

x- skin fill = SP for a 26 mil cure if SS = 2 (SP 65, SS

16);

£i1ll vectors spaced at 2 mils with vectors removed that are

2 and 4 mils from parallel hatch vectors.

y- skin £ill = SP for a 26 mil cure if SS = 2 (SP 65, SS

1s);

£fill vectors spaced at 2 mils with vectors removed that are

2 and 4 mils from parallel hatch vectors.

After building these four square patches they were examined,
and none of the parts showed any signs of distortion. Part 5 had
the typical large waffle with cross hatch protruding beyond the
skin. Part 6 had a smaller waffle with cross hatch protruding
beyond the skin. Part 7 had cross hatch and skin £ill cured down
to approximately the same level. However, there were slight
protrusions along the sides of the cross hatch and a slight
depression in the center of the cross hatch indicating that the
skin was slightly overcured and maybe that the skin was not cured
within the proper effective curs width of the cross hatch. Part
8 seemed to have cross hatch whose center line was depressed as
compared to the skin and to a raised overlapping edge where skin
and cross hatch joined. The size of the discontinuities in Part
8 were larger than those in Part 7. See FIGURES 6a-6d for a
sketch of each of these cases.

A scratch test indicated that Part 7 was almost smooth, Part
8 was slightly rougher, Part 6 was much rougher, and finally Part

5 was the roughest of all. A visual inspection indicated that

vy + |REPLACEMENT SHEET
N o i 19 DEC 1997 ;




1-6 mhereln nor e than domn faC|ng and up- faC|ng reglons are sklnned but

| ess than al

portions of all layers are skinned. 25 9. The method of amgTEX

of claims 1-5 wherein said first set and said 190/179.F

10

15

20

25

30

Part 7 looked best, followed by Part 8 or 6, then finally by Part
5.

The results of this experiment showed that the technique
disclosed herein reduced waffle considerably. With the
parameters used in this test, hatch strength appeared to be

sufficient to support the skin without distortion.

EXAMPLE V.

Experiments were done to test the usefulness of "Weave" for
building parts without increasing the vertical distortion of the
parts or the need for adding additional supports.

In a first experiment 8 parts were built with the purpose of
determining the most appropriate cure depths to use with the
first pass of crosshatch in a weave building technique. The
parts were built with 10 mil layers, using XB-5081
stereolithography resin, with a HeCd laser of 14.8 mW, and a beam.
diameter of 8.7 to 9.0 mils. The parts were built with
boundaries and with X and Y hatch according to the "Weave"

embodiment described earlier. That is, the spacing between

" crosshatch vectors was somewhat greater than the cure width

associated with curing the vectors. The boundary vectors were
given a 16 mil cure and the cure depth for the first pass of the
crosshatch was varied from part to part. Adhesion between
layers was obtained by the overcure of the boundaries and the net
cure depth (overcure) of the intersection points of 2 equally
exposed intersecting pairs of crosshatch vectors. The cure
depths for the first pass of the crosshatch for different parts
were 7, 8, 9, 10, 11, 12, 13, and 14 mils. It was found that the
parts that used initial crosshatch exposures to obtain initial

cure depths of 7, 8, and 9 mils showed no sign of curl but they
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did demonstrate adequate adhesion. The parts built with 10 mils
and greater initial crosshatch cure depth demonstrated
unacceptable curl. Therefore, it is concluded that the first
exposure of crosshatch in the preferred weave embodiment should
be based on a cured depth less than the layer thickness. It is
possible that a cure depth somewhat greater than the layer
thickness would be acceptabhle for certain materials that wouldn't
show significant bonding between layers for small overcures.

A second experiment similar to the above was done to look at
the most appropriate hatch spacing to use with the "Weave”
building method. The material used was XB 5081, the layer
thickness was 10 mils, the cure depth for boﬁndaries was 12 mils,
the cure depth for the first pass of crosshatch was 8 mils, and
the beam diameter was 8.8 mils (maximum cure width = 10 mils).
The hatch spacing for the different parts were 3, 5, 7, 9, 11,
13, 15, and 17 mils. It was found that the parts built with
spacings of 15 and 17 mils didn't have adequate structural
integrity. The parts built with spacings of 3, 5, 7, and 9 mils
showed unacceptable curl. Finally, the parts built with a
spacing of 11 and 13 mils (as well as the parts built with
spacings of 15 and 17 mils) showed no signs of excessive curl.

| EXAMPLE VI |

An experiment was done to compare the post cure distortion
of parts build using the preferred "Weave" building methoed, the
standard building method, and the standard spacing but staggered
hatch building method.

This experiment consisted of buildihg a series of parts with
different building parameters. The parts were then cleaned and
measured on a coordinate measuring machine (CMM). This first set

of measurements measured the green (only partially cured) part,

o1 . |REPLACEMENT SHEET|
19 DEC 1997

[




vecdeS'onthe=rrrst subse{ are~n0n»adjaceﬂtsskvnavectofs«andithe skln 5
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first subset. 12. The method of any of clainms 1-11 wherein said first set

of skin vectors is gerpendlcular ‘to the second set of skin vectors.
e parts were then identically postcured followed by another set

» -

. of measurements of the parts on the CMM. This second set of
measurements measured the fully cured part.
The parts used in this experiment .are depicted in FIGURE 15.
5 FIGURE 15a depicts two vertical walls built side by side with a
small separation between them. The height of each wall 530 was
1.000 inch. The parts were built and measured while attached %o
Web Supports that were attached to the building platform (not
shown). FIGURE 15b depicts a top view of the two walls. The
10 length of the walls 510 was 4.000 inches. The width of each wall
500 was 0.100 inches and the separation of the walls 520 was
0.050 inches. Building two éubstantially back to back walls
allowed each wall to be post cured by synergistic stimulation
coming from substantially one side of the wall. This one sided
15 curing results in a predictable nonuniform cure of the object and
therefore results in a predictable direction of distortion. The
measurements made by the CMM on each wall are also depicted in :
FIGURE 15b. Measurements 540, 550, 570, and 580 were made at
approximately 50 mils (0.050 inches) from the edge of the wall
20 and approximately 100 mils below the upper surface of the wall.
Measurements 560 and 550 were ﬁade along the same edge of the
wall and approximately 100 mils below the upper surface of the
wall. Measurements 560 and 590 were made along the same edge of
the wall and at the same vertical position as measurements 540
25 and 550 and measurehents 570 and 580 respectively. They were
made at the horizontal center of the edge of the wall.
FIGURE 15c depicts distortion of the walls induced by post
curing. FIGURE 15c depicts a top view of the walls. The dashed
lines 600 and 610 represent the desired shape of the walls.

30 Whereas the solid lines represent the actual shape of the walls.
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material conprises a pomder 16 The nethod of any of clalns 1- 15 mhereln
the synergistic stinulation is a W laser beam 17. The nmethod of any of

clains 1-16 wherein consecutive -
PATENT -

190/179.F

To determine the distortion of the first wall, the measurements
of points 540 and 550 are connected by a straight line. The
amount of distortion 630 is the length along the perpendicular
distance between the line and point 560. To determine the

5 distortion of the second wall, the measurements of points 570 and
580 are connected by a straight line. The amount of distortion
650 is the length aloﬁg the perpendicular distance between the

line and point 590.

s, -

The parts were built with 10 mil layers on a standard SLA-

P

10 250, manufactured by 3D Systems, using a HeCd laser and buiiding
material "XB-5081", manufactured by Ciba~Geigy. The post curing
was done in a PCA using 10 - 40 watt black light lamps (disclosed
in U.S. Patent Application 07/415,134. The cleaning of the parts
was done ultrasonically in an alcchol bath for 2 minutes. Eight

15 pairs of parts were built using the standard bounding technique
(that is skinning only the up-facing and down-facing features of
the object along with using widely spaced crosshatch to form the
internal structure of the part). Four pairs of parts were built

o using the standard building technique with the modification of

.20 . staggering the hatch from layer to layer. Two sets of parts were
built using the weave approach.

It was found, from the green part measurements, that all the
parts had practically no distortion after being removed from the
vat and cleaned. The distortion of each part, at this stage, was

25 less than 1 mil. Therefore to study post cure distortion we need

only look at the post cure distortion data.
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The results of the experiment are summarized below.
Building Method ' Average Distortion
Regular Hatch 12.52 mils |
5 Staggered Hatch 8.11 mils
Weave 1.76 mils

From this table we see that both the Staggered hatch and Weave
building techniques lead to a substantial decrease in post cure

distortion. Weave is seen to be especially useful minimizing

10 this distortion.
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than the exterior surfaces of the object, by selectively exp03|ng saLd-""”’
material to synergistic stimulation providing, a first set Uf’ﬁéfarlel :
vectors; nmeans for solidifying a second skin on at |least a s ; ﬁ“‘(“&

of a second layer or said first skin of said first |ayer by ggﬂﬂﬂ

exposing the material "to synerglstlc stinmulation
5 Bcen Rep’accd .

This Sheet His

K “"LAIMS

1. A stereolithographic method f constructing an object
by forming stacked layers of a mediuny solidified by exposure to
synergistic stimulation applied in & pattern, comprising the
steps of:

identifying any up-facing regions, down-facing regions,
and internal regions of a first JYayer:

' identifying any internal regions of a second layer;

exposing any down-faging region of the first layer to
synergistic stimulation to solidify substantially all area
elements of the down-facing gegion:

exposing any up-fdcing region of the first layer to
synergistic stimulation to/solidify substantially all area

elements of the up-facing /region;

exposing at leyst a first portion of any internal

region of the first layer to synergistic stimulation teo solidify
substantially all area jelements first portion wherein the first
portion has a width sybstantially greater than the width and
length of the lines ¢f the hatch pattern; and

hatching A second portion of any internal region of a
second layer by exposing the second portion to synergistic

stimulation in lifiles of a hatch pattern.

2, The method of claim 1 further comprising the steps of

solidifying a/skin on internal regions of layers of the object.

3. The method of claim 1 further comprising the step of

hatching tle first portion of any internal region.

. |REPLACEMENT SHEET|
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set. 19U Theapparat us=of “el-ai i 18 addiit FoRdlt y  conpr FSEAGIL 20T eang
for solidifying a boundary of said first |layer by exposing the
material in a vect.gr pattern which traces-the boundary -~ - of the first
| ayer.* 20. The appavatus of claing 18 or 19 wherein said second |ayer is
the 25 +« -~ next imediately consecutively forhed | ayer after formation of
sai d
EP 90311877.6 February 20, 1995
D17338EP SU/Hs/re
CLAIMS
[
) {for DE, FR, GB, NL)

(Gl vesion 4 A A R

10 1. A stereolithographic method for constructing a three-dimensional
object layer-by-layer from a material solidifiable upon exposure to
synergistic stimulation, comprising the steps of:

solidifying a first skin on at least a first portion of a first layer,

15 including more than the exterior surfaces of the object, by .
selectively exposing said material to synergistic stimmlation prf:v:&m?-}
comprising a first set of parallel skin vectors;

solidifying a second skin on at least a second portion of a second

2 layer or said first skin of said first layer by selectively exposing
said material to synergistic stimulation e(’em a second set of
parallel skin vectors, wherein

said vectors of said first set are not parallel to said vectors of

pls said second set.
2. The method of claim 1 additionally comprising the step oft

solidifying a boundary regiea of said first layer by exposing the
» material in a vector pattern which traces the boundary zegien of
said first layer.




[ nﬁedl-at ik y* coﬁs‘er:u‘t—*rverr
18-21, additionally conprising:

onprising
U

The method of claims 1 or 2 wherein said second layer is the
next immediately consecutively formed layer after formation of said

first layer.

The method of claim 3 wherein each layer is at least partially
skinned and the skinning direction alternates between each
immediately consecutively formed layer.

The method of any of claims 1-4, additionally comprising the step
of:

solidifying a portion of a layer by selectively exposing said
material to synergistic stimulation comprising at least a first set of
hatch lines.

The method of any of claims 1-5 wherein the portions. to be
exposed define a tiling pattern.

The method of any of claims 1-5 wherein all layers of said object

are skinned.

The method of any of claims 1-6 wherein more than down-facing
and up-facing regions are skinned but less than all portions of all
layers are skinned.

The method of any of claims 1-5 wherein said first set and said

second set of vectors comprise external skin vectors.

10. The method of any of claims 1-9 further comprising the step of:
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10 defining said portions to be exposed as a tiling pattern. 24. The
apparatus of any of clainms 18-22, conprising means for skinning all |ayers

of sai*d object.

15 25. The apparat us of any of cI ains 18-23, conprising

means for skinning nore than down-facing and up? faC|ng regi ons, but |ess

E]

10

20
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11.

12,

14,

15.

16.

17

utilizing a technique selected from the group consisting of
smalleys, rivets, webs, multipass and any combination thereof to
reduce distortion of said skins.

N
l\\. .3

The method of any of claims 1-10 wherexn said first set oEmWectors

0 PN
comprises first and second subsets of l‘véaﬁrs wherein the "“"vectors
et sl
of the first subset are non-eenseeuave rvectors and the F"“vectors of
the second subset are interposed between the Wé’T)c)rs of the first

subset.

~

The method of any of claims 1-11 wherein said first set of vectors
Al
is perpendicular to the second set offvectors

The method of any of claims 1-12 wherein the material comprises

a liquid.

The method of any of claims 1-13 wherein the material comprises

a photopolymer.

The method of any of claims 1-12 wherein the material comprises

a powder.

The method of any of claims 1-15 wherein the synergistic
stimulation is 2 UV laser beam.

The method of any of claims 1-16 wherem co ecunve skin ,.._-J
PpPo e Frevm aboect . 0. 4 i (

- S Ay

6 webAcUwa i Cugd L.‘x_MI\ afs\, m..‘7&_ ZX P u E\(»\g‘

alsont 0,350 b 0387 (At %o 18 30,),
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ext-er nal" sk vecHof s 2 Fhe Capparat s ofiany ..... BE Gl AT e 18526;furthe
conprising: neans for utI|IZIng a technique selected fromthe group
consi sting 25 of smalleys, rivets, webs, nultipass and any conbination
thereof to reduce distortion of said skins. 28 The apparatus of any of R
claims 18-27 conprising means for defining saidfirst set of skin vectors

to conprise first and second

18. A stereolithographic apparatus for constructing a three-dimensional
object layer-by-layer from a fluid-like material sclidifiable upon
exposure to synergistic stimulation, comprising: '

5 means for solidifying a first skin on at least a first portion of a
first layer, including more than the exterior surfaces of the object,
by selectively exposing said material to synergistic stimulation

£rC o .
a first set of parallel skin vectors;
10 means for solidifying a second skin on at least a second portion

of a second layer or said first skin of said first layer by
selectively exposing the material to synergistic stimulation
proridin

eeaa-prmg a second set of parallel skin vectors; wherein

15 said vectors of said first set are not parallel to said vectors of

said second set.
19. The apparatus of claim 18, additionally comprising:

2 means for solidifying a boundary regies of said first layer by
exposing the material in a vector pattern which traces the
boundary regiem of the first layer.

20. The apparatus of claims 18 or 19 wherein said second layer is the
28 next immediately consecutively formed layer after formation of said

first layer.

21. The apparatus of claim 20 wherein each layer is at least partially
skinned and the skinning direction alternates between each

-

AR
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26.

27.

28.

205 THe appar-at Us

immediately consecutively formed layer.
The apparatus of any of claims 18-21, additionally comprising:

means for solidifying a portion of a layer by selectively exposing
material to synergistic stimnlation comprising at least a first set of
hatch lines.

The apparatus of any of claims 18-22 comprising means for
defining said portions to be exposed as a tiling pattern.

The apparatus of any of claims 18-22, comprising means for
skinning all layers of said object.

The apparatus of any of claims 18-23, comprising means for
skinning more than down-facing and up-facing regioms, but less
than all portions of all layers.

The apparatus of any of claims 18-22 wherein said first set and
said second set of vectors comprise external skin vectors.

The apparatus of any of claims 18-26 further comprising:

means for utilizing a technique selected from the group consisting
of smalleys, rivets, webs, multipass and any combination thereof to
reduce distortion of said skins.

The apparatus of any of claims 18-27, comprising means for
defining said first set of ﬁé")ors to comprise first and second

s ﬁﬁpmsmﬁ?
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The appa{ " S,
| i qui d. 31, "~ Fhe apparatussof ~anyof<cl-ai ns- ‘-1~8'-—'-30'5 V\hefem'-'-r—he Tateri.at:
conprises a photopol yner. 32. The apparatus of any of clains 18-29 wherein
the material conprises a powder. '33. The apparatus of any of clains 18-32

wherein the o »

-6-

subsets of vectors wherein the‘vectors of the first subset are non-
ad e, ohon ""’r"r“/'
ﬁm‘&ﬁe Gectors and the fvectors of the second subset are

interposed between the vectors of the first subset.

(RN

Fhoad

s 29. The apparatus of any of claims 18-28 wherein the first set of -k
vectors is perpendicular to the second set oflﬁ‘r"g';:’f:)rs.

30. The apparatus of any of claims 18-29 wherein the material
comprises a liquid.
10 _
31, The apparatus of any of claims 18-30 wherein the material
comprises a photopolymer,

32. The apparatus of any of claims 18-29 wherein the material

1 comprises a powder.

33. The apparatus of any of claims 18-32 wherein the synergistic
stimulation is a laser beam.

34. The aratus of f claims 18-33 wh ti
x s o A o S ors & Eé'i.‘&"%‘fsffi"?,i?ﬂi mwah

vectors il _pTie uar--10—or

equivalent-exposure—ofa-single-line.- fo o marinue cun wiclh
Og Lot o""'ak( QP&“D&&-& e"“‘\? M 07’56 fO L 331 (’“" to 15
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synergistic stinmulation is a |l aser beam 34. The apparatus of any of clains
18- 33 wherein consecutive skin vector spacing is fromabout 0.025 to about
0.dnm(about 1 to about 4 mls) for a maxi mum cure width of a single
exposur e bei'ng about 0.356 to 0.381 nm (14 to 15 mls).
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IMPROVED STEREOLITHOGRAPHIC CONSTRUCTION TECHNIQUES

BACKGROUND OF THE INVENTION .
REPLACEMENT SHEET

Field of the Invention

This invention relates to the field of stereolithography,
which is a technique for making solid, three-dinensional objects
(or “parts") from solidifiable nmaterials (e.g. fluid or fluid-
like material such as photopolymers, sinterable powders, and
bindable powders).

In recent years, stereolithography systems, such as those
described in U.S, Pat. No. 4,575,330, issued March 11, 1986 and
entitled “"Apparatus for Production of Three-Dinmensional Objects
by Stereolithography," have come into use. Basically,
stereolithography is a method for automatically building conplex
three-dimensional parts by successively solidifying thin cross-
sectional layers. These layers nay be composed of photopolymer
resin powdered materials, or the like. Some types of powder
materials are converted from a fluid-like mediun to a cohesive
cross-section by melting and solidification. The layers are
solidified on top of each other consecutively until all of the
thin layers are joined together to form a whole part.
Photocurable polymers change froa liquid to solid upon exposure

to synergistic stinulation. Many photopolymers exist whose
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accuracy and difficulties in producing certain object shapes.

Related Patents and Applications

The following U.S. patents and U.S. Patent applications are
Encorporated by reference into this disclosure as though fully
set forth herein:

4,575,330
07/429,435
07/331,664
07/269,801
07/182,830
0%/415,134
07/339,246
07/182,801
07/183,015
07/183,012
07/263,429
07/429,911
07/415/168
07/265,039
07/249,399
PCT/US89/04096
07/429,301

Entitled: Improved Systems For Post
Processing Objects Formed In A
Stersolithography Apparatus.
The instant application is a continuation-in-part of U.S.
Patent Application Serial No. 07/429,435, which in turn is a
continuation-in-part of U.S. Patent Application Serial Number
07/331,664, which is in turn a continuation-in-part of U.S.

Patent Application Serial No. 07/269,801, which is in turn a

continuation-in-part U.S. Patent Application Serial No.
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process, along with the use of beam profile charadesFisEIcs 1A

conbination with resin parameters to predict various cure
parameters associated with the creation of stereolithographic
'parts. This application also describes the role of bean profils
information in the creation of skin £ill and discusses various
multiple wavelength curing methods for reducing part distortion.

U.S. Patent Application Serial Nos. 07/415,168, 07/268,429,
and 07/183,102 disclose various methods of finishing a
stereolithographic part surface to smooth out discontinuities in
a post-processing step.

U.S. Patent Application Serial Nos. 07/265,039 and
07/249,3%9 which together form the basis of PCT Applicatioen
Serial No. PCT/US89/04096 disclose the use of a doctor blade for
obtaining a uniform coating of resin of known thickness over each
cross-section of a stereolithographic part as well as a system
for maintaining a known surface level of the building material as
the part is being built.

U.S. Patent Application Serial No. 07,429,301
discusses post-processing. techniques.

In the normal practice of stereolithography, objects cr
Wparts" are built on a layer~by-layer basis, where each layer
represents a thin cross-section of the part to be forzed.
Initial approaches to stereolithographic part building were based

on the complete filling (e.g. substantial polymerization of all

the

regions of a cross-section to a thickness at least as deep as

layer thickness) of layers. This filling was either done by the

scanning of a pencil of light, by a focusable (defocusable]}

pencil of light, or by flood exposure of an appropriate cross-
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For additional information on post-curing, see U.§, Patent

Application Serial ¥No. 07/429,3b},directed to the post curing
process,

Fairly extensive post-curing can be required when the
internal cross-hatch lattice only defines discrete x-z and y-z,
planes, or the like, which are separated from each other by more.
than the width cured by a beam, as in such cases long vertical

corridors of unpolymerized material remain substantially uncured

until post-processing.

Stereolithographic building techniques have upon occasion
resulted in down~facing features having a "wafflish" appearance
and texture. This appearance and texture are due to
inappropriate curing techniques being used on regions of layers
that contain down-facing features. When down-facing features are
given both hatch and skin fill, there can be overexposure of the
regions where the hatch and fill coincide. Similarly,
overexposure can occur at the points of intersection of cross-
hatch vectors. In-the past, it has been possible to ignore the
requirement of uniform cure depth for down-facing features, since
other accuracy-related errors overshadowed this effect. However,

as the stereolithography art strives for and attains increasingly

higher levels of accuracy, imperfections such as these can no

longer be overlooked.
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Traditionally, the methods used to estimate skin depth were
only guesses that had a remote connection to actual
experimental data or theoretical expectations. The actual
skin thicknesses obtained by these traditional approaches
were strongly dependent upon beam profile characteristics,
skin vector spacing, drawing speed, and resin
characteristics. However, these parameters were not
coordinated to yield a particular skin thickness. For
example, skin thicknesses intended to be 0.58 mm (20 mils)
could easily range from 0.331 to 0.635 mm (15 to 25 mils}.
In the past, this type of thickness range has been
tolerated, but as the art of stereolithography advances,
there is an increasing need for more accurate and less
cunbersome methods of predicting the required exposure to
obtain a desired skin thickness.
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From the EP-A-0 250 121 a stereolithographic apparatus and a corre-
sponding method is known for constructing a three-dimensional object
layer-by-layer from a fluid-like material solidifiable upon exposure to
synergistic stimulation. The apparatus described comprises a laser radiat-
ing a beam via a beam modulator and deflector onto the respective
layer. The beam modulator and deflector receives a data inbut from a
computer or storage medium. The modulated and deflected beam imping-
es on a layer of solidifiable liquid lying in a solidification plane. The
solidifiable liquid is located in a container being supported on a contain-
er positioning mechanism. The data received by the beam modulator and
deflector may be of any suitable form and is typically provided in the
raster-format, vector-form, or a combination thereof. According to anoth-
er embodiment of this prior art approach the solidifiable liquid is ex-
posed by using a conventional projection system together with photo-
graphic exposure masks, The pattern to be projected on the liquid is
broken down into two complementary pattern masks. The respective
solidifiable layer is exposed through each of the complementary pattern
masks separately, such that distortions due to shrinkage following the
first exposure are at least partially compensated during the second

exposure.

According to the EP-A-0 388 129 (which is prior art in accordance with
Art. 54 (3), (4) EPC as far as the designated countries DE, FR, GB
and NL are concerned) a further stereolithographic apparatus for con-
structing a three-dimensional object layerby-layer from a2 fluid-like
material solidifiable upon exposure to synergistic simulation is known.
The apparatus according to this prior art approach consists of a tank
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containing the fluid-like material and an elevator and the like a beam
scanning section for'focusing an exposure beam to scan a liquid surface
of the fluid-like material, and a control section for controlling the opera-
tions of the beam scanning section and the elevator. The beam scanning
section is able to deflect the ex'posure beam in a first scanning direction
relative to the liquid surface and a second scanning direction perpendicu-
lar to the first direction. With such a beam scanning section, the
stereolithographic apparatus is able to perform raster-scanning and vector-
scanning of the respective layers. In the raster scanning mode the layers
are exposed by scanning the beam spot in a straight line-shaped main
scanning direction across the layer such that a plurality of parallel
extending exposed lines result. In the vector scanning mode, scanning
proceeds with the scanning direction being a direction defined by vector
data. According to the method discussed, vector scanning is used for the
exposure of the boundary portion of the layers, whereas raster scanning
is used for the exposure of non-boundary portions of the layers.

In view of the above it is the object of the present invention to provide
an improved stereolithographic method and apparatus substantially reduc-
ing the horizontal distortions within the layers of the three-dimensional

objects.

This object is sdlved by a stereolithographic method
for constructing a three-dimensional object in- .
accordance with claim 1 and the corresponding
apparatus in accordance with claim 18.

Further embodiments of the invention are disclosed in the
dependent claims.

According to a further aspect of the present invention, a

method provides boundaries appropriate to each cross section
and
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up~ and down~ facing features are provided with skin £ill that is
created Sy scanning in a first pass using non-adjacént - fill
‘vectors, followed by scanning in at least one additional pass
that completes the exposing process by filling in between the
originally drawn vectors.

In another aspect of the invention, regions of intersecting
vectors at least in down-facing surfaces are determined, and
exposure of one or more of the respective intersecting vectors at
these intersecting regions is reduced, such that at least the
down-facing features have a uniform exposure.

In another aspect of the invention, a region that contains a
combination of hatch and fill vectors is created and cured to a
uniform depth. The creation of this region comprises the steps
of creating the desired hatch vectars, and then creating
corresponding skin fill types that do not contribute to
additional exposure of the regions of their corresponding hatch
vectors.

In another aspect of the invention, an improved
stereolithographic method comprises determining necessary
exposure and vector spacing and scanning parameters in order to
obtain a known thickness of skin fill.

In still another aspect of the invention, a
stereolithographic method comprises the steps of constructing
stacked layers to form an object having external boundaries,
internal cross hatch, and skinned up- and down-facing features.
Specifically, this method comprises the steps of: (a) selecting
layers to be provided with skinned surfaces; (b) providing means
for calculating the amount of total exposure required to obtain
skin curing of a preselected depth at the layers selected to have

skinned surfaces; {(c) providing means for determining the nunber
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separation between line 106 and line 110 represents the layer
thickness in such a case. For the second purpose the ¥CD
represents the layer thickness, and for the third purpose the
vertical separation between line 106 and line 116 might represent
the layer thickness since the net thickness of the cured material
might increase from the segments overlapping each other.
"overlapping" refers to two or more exposures being given to
a region so that an increase in maximum cure depth occurs. Since
cure profiles are not necessarily step functions, two separately
exposed areas can touch and bind to one another without changing
the maximum cure depth of either. When two lines are exposed
beside one another their maximum widths may overlap resulting in
a larger exposure in this region, and a corresponding increase in
depth. But if this additional exposure does not occur in the
region near the maximum cure depth of the individual lines, their
combined maximum cure depth will not generally be measurably
deeper than their individual maxima. Overlapping sometirmes
refers to situations when two side by side exposures affect the
curing of each other whether or not they result in an increase in
the maximum cure depth of either one. The context in which the

term “overlapping” is used will generally make its meaning clear.

"Step Period” (Sp} is a part-building parameter that defines
the period between each laser step.

"Step Size"” ({SS} is a part-building parameter that defines
the size of the step moved by the laser spot on the building

material surface.

"Vector data" is data that represent the length and directien

and length of irradiation exposure in the process of solidifying

the building material in the preferred embodiment of the present
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hy. the

vector data and resulting from e.g. a scanning beam of

ultraviolet radiation, on a liquid photopolymer,
flgid-like, solidifiable mediums.

or other

"Skin" vectors are horizontal surface vectors that are

typically traced from one boundary to an opposing boundary at

5 relatively high speed and with a substantial overlap

between

successive vectors which are generally traced in opposite

directions, and typically form "skin £ill"™ which defines at least

the upper and lower horizontal exterior surfaces of a

stereolithographically-formed part in traditicnal

10 stereolithography and in several of the preferred embodizents of

the present invention. Typically, skin vector spacing is from

about 1 to about 4 mils for a maximum cure width of a single

exposure being about 14 to 15 nmils. Of course, these exemplary

and illustrative parameters can ke varied as needed based upon

15 such considerations as the desired smoothness of the

layers, the

power of the laser, the possible speed range of the irradiating

source {i.e., the maximum drawing speed), the layer thickness

desired, and the number of vectors that are desired to be stored.

According to certain aspects of this invention, however, skin

20 fill is provided in more than the exterior surfaces of the part.

According to other aspects of the invention, skin vectors can te

drawn non-consecutively and/or nonoverlapping (e.q.,

a first pass

at 7-8 mil intervals and a subsequent pass at intervening

intervals).

25 below.

These aspects and others are described in detail

YBoundary! vectors are traced to define the vertical

exterior surfaces of the stereolithographically-formed part

(therefore to define the range of each cross-section).

vectors generally are scanned rore slowly than skin

30 that a greater cure depth is obtained. Boundaries,

These
vectors such

unlike skin
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“"Interrupted Scan" or "Bricking" refers to scanfIfg 3 Vactor
with recurring gaps to relieve transmitted stress.

"Tiling" is an interrupted scannihg technique that applies
to relatively wide regions as opposed to vectors (the wide
regions may be made up of vectors). This scanning results in
distinct shapes which fit together very snugly but are not
adhered to each other. The intention of this method is to
maximize percentage of build process curing while reducing
transmitted stresses that generate curl.

"Log Jam" refers to a scanning technique where some
internal hatch {or £ill} vectors are retracted from the layer
borders to avoid adhesion, wherein after exposure of the hatch or
£ill an offset border or the like is scanned to attach the hatch
and original border.

fgujlting" refers to a drawing technique which first
partitions each layer into patches by scanning a relatively large
crosshatch structure. Each patch is then treated as an
individual region to be scanned. This method relieves problens
that can arise when drawing relatively large regions with
floating material techniques (e.g. log jam).

"Strongarm"refers to a é&anninq technique wherein a down-
facing region is given extra exposure to make it extra rigid
thereby increasing its ability to resist distortion caused by
adhesion with material from the next higher layer.

"Weave" generally refers to any drawing pattern which
generates a near solid fill pattern, wherein vectors on the first
pass {threads) are spaced slightly further apart than the maxinun
cures width (MCW) and have exposures that are less than that
necessary for adhesion (i.e. under cured). Adhesion is obtained

on a second pass or higher order pass by cumulative exposure
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was in the previous embodiment and the diameter of the bullet at
one layer thickness below the present cross-section. The
adhesion between layers is gained substantially by adhesion
between the sides of the bullets on the present cross-section at
a position one layer thickness below their upper surface and the
sides of the bullets on the previous cross-section at their upper
surface. A side view of the bullet positions on adjoining layers
is depicted in FIGURE 1ll. It is ﬁoted that the present
embodiment is primarily for regions of the object two or more
layers from down facing features.

In still other embodiments, transformation of material that
is located on one cross-section may occur from exposures given in

association cross-sections two or more layers higher up.

As discussed above, several new skinning techniques can
advantageously-be used in connection with this invention,
based on non-consecutive ordering of skin vectors.
Traditionally, skin vectors are ordered head-to-tail, such
that a first vector pass is made along a fill path from one
boundary to an opposing boundary, and a pass along the next
vector is then made, slightly offset (e.g., typically from
0.025 to 0.1mm (1 to 4 mils) from the first), from the latter
boundary back to the first. However, it has been found, in
accordance with some of the preferred embodiments of this
invention, that distortion can be reduced by appropriate,

non-consecutive scanning and therefore nonconsecutive fornation
order of skin fill . Specifically, the offset between vectors
can be advantageously increased (e.g., doubled or tripled, or
more), such that the successive skin vectors have less impact, or
do not impact, upon adjacent lines of cured building material
for a given series of passes across the surface of the region of

the part being formed. Additionally, in one or more successive
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section, with the most preferable size range between—6-35mm—w——

(1/4 of an inch) on edge to 19.05mm (3/4 of an inch}) on edge.

Tiling is a method of forming a layer of an cbject produced
by stereolithography, wherein the layer is divided into a series
of area elements or tiles. Each area element is isolated froa
adjacent area elements by spacings. The spacings around each
area element remain untransformed, at least until all neighboring
‘area elements or tiles are transformed or solidified. The
spacings between the individual tiles are left untransformed to
act as stress relief zones. The width of the spacing is
typically small compared to.the width of the individual tiles.

Tiling can also be used as another technique of curl
reduction when implemented on a second or higher layer above a
down-facing feature. Generally no curl is generated on a down-
facing feature so there is no need for tiling as a curl reduction
technique on a down-facing feature. It should also be noted that
tiling does not generally apply to down-facing features because
there is no underlying structure to attach individual tiles to
during the transformation process, i.e., tiling may be applied
only to a supported area as opposed to an unsupported area.

Since the tiles are individual and discreet relatively small
areas, the use of tiles limits shrinkage to the boundary of the
tile, This reduces stress and curl on the tiled layer, an
especially important consideration in the first few layers
innediately above a down-facing feature. Curl generally occurs
mainly in down-facing features. These features curl upwardly as
a result of the formation of the next several overlying layers.
On the other hand, a potential disadvantage of tiling is that it
possibly provides less strength.

The spacings in between the tiles can be transformed or
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solidified (referred to as grouting or mortar) usually after
all of the tiles have been formed. An entire object can be
made by tiling to reduce post treating. This grouting is
usually transformed to a lesser degree than the tiles (a
lower exposure is used).

By way of example, when using a presently preferred
material such as XB5081 and 0.125mm, (5 mil) layers, tiling
may be used in forming the first through twentieth layers
above a first layer of a down-facing feature and especially
to form layers through 10 (assuming the first layer is
supported). If 0.254mm (10 mil) layers are used, tiling
would preferably be applied in the range of the lst through
10th layer especially in the 1lst through 5th layer above a
down-facing feature.

Preferably, the tile size range from the width of a
laser beam about 0.254mm (about 0.010 inches), up to about
3.048 - 3.81mm (0.120-0.150 inch), with the most preferred
range being from 3/4-2 millimeters on edge.

The spacings or gaps in between the tiles should be as
small as possible, within the limits of accuracy of placement
and cure width of a beam of synergistic stimulation. The
typical width of these gaps is in the range of 0.025 - 0.25mm
{1-10 mils) after exposure and cure. It is important that
the material in the spacings or gaps not be transformed or
solidified sufficiently to transmit stress.

Where a scanning nirror-directed laser beam is used to
transform the material, the "jumping" speed from tile to tile
across the spacings must be considered. The mirror(s) directing
the laser has a moment of inertia which limits its rate of
angular acceleration. If the laser is to jump from the edge of

one tile to the adjacent edge of another tile, the jumping speed

is limited since there is only a very snall distance in which the
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Front Object, all layers skinned along the Xtdirection

- distortion of wall perpendicular to direction of
skiﬁning = 3.6 nils
- distortion of wall parallel to direction of
skinning = 9.4 mils
Rear Object, Standard building, skinned only top & botton
~ distortion of wall perpendicular to direction of
skinning = 9.6 mils
~ distortion of wall parallel to direction of
skinning = 9.7 mils
Skntino2
Rear Object, all layers skinned along the X direction
- distortion. of wall perpendicular to direction of
skinning = 1.2 mils
- distortion of wall parallel to direction of
skinning = 8.2 mils
Front Object, Standard building, skinned only top & bottom
- distortion of wall perpendicular to direction of
skinning = 9.1 ails
- distortion of wall parallel to direction of
skinning = 7.0 mils
skntino3
Rear Object, all layers skinned along the X direction
- distortion of wall perpendicular to direction of
skinning = 1.5 nils
- distortion of wall parallel to direction of
skinning = 7.9 nils
Front Object, all layers skinned along the X direction

- distortion of wall perpendicular to direction of

skinning = 2.0 nils
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CLAIMS

L

10 1. A stereolithographic method for constructing a three-dimensional
object layer-by-layer from a material solidifiable upon exposure to

synergistic stimulation, comprising the steps of:

solidifying a first skin on at least a first portion of a first layer,
15 including more than the exterior surfaces of the object, by
selectively exposing said material to synergistic stimulation

providing a first set of parallel skin vectors;

solidifying a second skin on at least a second portion of a second
2 layer or said first skin of said first layer by selectively exposing
said material to synergistic stimulation providing a second set of

parallel skin vectors, wherein

said vectors of said first set are not parallel to said vectors of

25 said second set.

2. The method of claim 1 additonally comprising the step of:
solidifying a boundary of said first layer by exposing the
30 material in a vector pattern which traces the boundary of

said first layer.




R 0 O VR | RePLACEMENT sheeT

22 JAN 1938

86

3. The method of claims 1 or 2 wherein said second layer is the
next immediately consecutively formed layer after formation of said

first layer.

4. The method of claim 3 wherein each layer is at least partially
skinned and the skinning direction alternates between each

immediately consecutively formed [ayer.

5. The method of any of claims 14, additionally comprising the step
of:

solidifying a portion of a layer by selectively exposing said
material to synergistic stimulation comprising at least a first set of

hateh lines.

6. The method of any of claims 1-5 wherein the portions. to be
exposed define a tiling pattern.

7. The method of any of claims 1-5 wherein all layers of said object

are skinned.

8. The method of any of claims 1-6 wherein more than down-facing
and up-facing regions are skinned but less than all portions of all

layers are skinned.

9. The method of any of claims 1-5 wherein said first set and said

second set of vectors comprise external skin vectors.

10. The method of any of claims 1-9 further comprising the siep of:
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utilizing a technique selected from the gkoup consiéfing

of smalleys, rivets, webs, multipass and any COmMPINaCION
thereof to reduce distortion of said skins.

The method of any of claims 1-10 wherein said first set
of skin vectors comprises first and second subsets of
skin vectors wherein the skin vectors of the first
subset are non-adjacent skin vectors and the.skin
vectors of the second subset are interposed between the
skin vectors of the first subset.

The method of any of claims 1-11 wherein said first set
of skin vectors is perpendicular to the second set of
skin vectors.

The method of any of claims 1-12 wherein the material
comprises a liquid.

The method of any of claims 1-13 wherein the material
comprises -a photopolymer.

The method of any of claims 1-12 wherein the material
comprises a powder.

The method of any of claims 1-15 wherein the synergistic
stimulation is a UV laser beam.

The method of any of claims 1-16 wherein consecutive
skin vector spacing is from about 0.025 to about 0.lmm
{about 1 to about 4 mils) for a maximum cure width of a
single exposure being about 0.356 to 0.381 mm (14 to 15
mils).
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A stereolithographic apparatus for constructing a three-dimensional

object layer-by-layer from a fluid-like material solidifiable upon

exposure to synergistic stimulation, comprising:

means for solidifying a first skin on at least a first portion of a
first layer, including more than the exterior surfaces of the object,
by selectively exposing said material to synergistic stimulation
providing a first set of parallel skin vectors;

means for solidifying a second skin on at least a second portion
of a second layer or said first skin of said first layer by
selectively exposing the material to synergistic stimulation
providing a second set of parallel skin vectors; wherein

said vectors of said first set are not parallel to said vectors of

said second set.
The apparatus of claim 18, additionally comprising:

means for solidifying a boundary -~ - of said first layer by
exposing the material in a vector pattern which traces the
boundary --; of the first layer.

The apparatus of claims 18 or 19 wherein said second layer is the
pext immediately consecutively formed layer after formation of said

frst layer.

. The apparatus of claim 20 wherein each layer is at least partially

skinned and the skinning direction alternates between each
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immediately consecutively formed layer.
The apparatus of any of claims 18-21, additionally comprising:

means for solidifying a portion of a layer by selectively exposing
material to synergistic stimnlation comprising at least a first set of

hatch lines.

The apparatus of any of claims 18-22 comprising means for

defining said portions to be exposed as a tiling patterm.

The apparatus of any of claims 18-22, comprising means for

skinning all layers of said object.
The apparatus of any of claims 18-23, comprising means for
skinning more than down-facing and up-facing regions, but less

than all portions of all layers.

The apparatus of any of claims 18-22 wherein said first set and

said second set of vectors comprise external skin vectors.

The apparatus of any of claims 18-26 further comprising:
means for utilizing a technique selected from the group consisting

of smalleys, rivets, webs, multipass and any combination thereof to

reduce distortion of said skins.

The apparatus of any of claims 18-27 comprising means for

defining said first set of "skin vectors to comprise first and second
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subsets of skin vectors wherein the skin vectors of the
first subset are non-adjacent skin vectors and the skin
vectors of the second subset are interposed between the
skin vectors of the first subset.

The apparatus of any of claims 18-28 wherein the first
set of skin vectors is perpendicular to the second set
of skin vectors.

The apparatus of any of claims 18-29 wherein the
material comprises a liquid.

The apparatus of any of claims 18-30 wherein the
material comprises a photopolymer.

The apparatus of any of claims 18-29 wherein the
material comprises a powder.

The apparatus of any of claims 18-32 wherein the
synergistic stimulation is a laser beam.

The apparatus of any of claims 18-33 wherein consecutive
skin vector spacing is from about 0.025 to about 0.lmm
{(about 1 to about 4 mils) for a maximum cure width of a
single exposure being about 0.356 to 0.381 mm (14 to

15 mils).

I
A
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