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(57) ABSTRACT

A method and system for building one or more three-
dimensional objects, where the method includes providing a
computer-aided design model of a three-dimensional object
having an initial spatial orientation in a coordinate system,
and determining an optimal spatial orientation of the com-
puter-aided design model in the coordinate system based on
one or more criteria.
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METHOD FOR OPTIMIZING SPATIAL
ORIENTATIONS OF COMPUTER-AIDED DESIGN
MODELS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to the rapid manu-
facturing of three-dimensional (3D) objects such as proto-
types, tooling, and production-quality parts, based on com-
puter-aided design (CAD) models. In particular, the present
invention relates to a method for optimizing spatial orien-
tations of CAD models to improve build performance during
rapid manufacturing.

[0002] The production and testing of 3D objects is com-
monly used for developing new products, machines, and
processes in a wide range of industries. There are a variety
of rapid manufacturing techniques for building 3D objects,
each of which develop 3D objects from CAD models under
computer control. The term “rapid manufacturing” herein
refers to the building of 3D objects by one or more layer-
based additive techniques. Exemplary rapid manufacturing
techniques include fused deposition modeling, ink jetting,
selective laser sintering, electron-beam melting, and stere-
olithographic processes.

[0003] A CAD model is a geometric computer model of a
3D object that has a given spatial orientation in a Cartesian
coordinate system (i.e., X-y-Z coordinate system). The rapid
manufacturing techniques typically slice the CAD model
into horizontal layers based on the given spatial orientation,
and then build the 3D object layer-by-layer by repetitive
application of materials. Consequentially, the 3D object is
built in the same spatial orientation as the CAD model.
However, the spatial orientation of the CAD model is not
necessarily optimal for build performance.

BRIEF SUMMARY OF THE INVENTION

[0004] The present invention relates to a method, and
system that performs the method, for building one or more
3D objects from a CAD model having an initial spatial
orientation in a coordinate system. The method includes
determining an optimal spatial orientation of the CAD
model in the coordinate system based on one or more
criteria. The criteria relate to factors for improving build
performance during rapid manufacturing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG.1 is a perspective view of a CAD model of a
3D object spatially oriented in a Cartesian coordinate sys-
tem.

[0006] FIG. 2 is a block diagram of a method of the
present invention for building a 3D object based on the CAD
model.

[0007] FIG. 3A is a block diagram of a method for
determining an optimal spatial orientation of the CAD
model pursuant to the method of the present invention.

[0008] FIG. 3B is a block diagram of a method for
positioning the CAD model at the optimal spatial orienta-
tion.

[0009] FIG. 4 is a perspective view of the 3D model
having an initial spatial orientation in the Cartesian coordi-
nate system.
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[0010] FIG. 5 is a block diagram of a suitable method for
identifying and analyzing spatial orientations of the CAD
model shown in FIG. 4.

[0011] FIG. 6A is a perspective view of the CAD model
having an initial spatial orientation in the Cartesian coordi-
nate system.

[0012] FIG. 6B is a perspective view of the CAD model
having an axially-aligned orientation in the Cartesian coor-
dinate system.

[0013] FIG. 6C is a side perspective view of the CAD
model having a stable orientation in the Cartesian coordinate
system after being rotated from the axially-aligned orienta-
tion shown in FIG. 6B.

[0014] FIG. 7 is a block diagram of a suitable method for
identifying and analyzing stable orientations of the CAD
model shown in FIGS. 6A-6C.

[0015] FIG. 8A is a perspective view of the CAD model
having an axially-aligned orientation in the Cartesian coor-
dinate system.

[0016] FIG. 8B is a sectional view of a bottom surface of
the CAD model, taken from section 8B-8B in FIG. 8A.

[0017] FIG. 8C is a side perspective view of the CAD
model having a stable orientation in the Cartesian coordinate
system after being rotated from the axially-aligned orienta-
tion shown in FIG. 8A.

[0018] FIG. 9 is a block diagram of a method for identi-
fying and analyzing a stable orientation of the CAD model
shown in FIGS. 8A-8C.

[0019] FIG. 10A is a perspective view of the CAD model
having an axially-aligned orientation in the Cartesian coor-
dinate system.

[0020] FIG. 10B is a perspective view of a first alternative
CAD model having an axially-aligned orientation in the
Cartesian coordinate system.

[0021] FIG. 10C is a perspective view of a second alter-
native CAD model having an axially-aligned orientation in
the Cartesian coordinate system.

[0022] FIG. 10D is a perspective view of a third alterna-
tive CAD model having an axially-aligned orientation in the
Cartesian coordinate system.

[0023] FIG. 11 is a block diagram of a method for deter-
mining if the spatial orientations of the CAD models shown
in FIGS. 10A-10D are stable orientations.

[0024] FIG. 12A is a perspective view of the CAD model
having an axially-aligned orientation in the Cartesian coor-
dinate system.

[0025] FIG. 12B is a sectional view of a bottom surface of
the CAD model, taken from section 12B-12B in FIG. 12A.

[0026] FIG. 12C is a perspective view of the second
alternative CAD model having an axially-aligned orienta-
tion in the Cartesian coordinate system.

[0027] FIG. 12D is a perspective view of the third alter-
native CAD model having an axially-aligned orientation in
the Cartesian coordinate system.
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[0028] FIG. 13 is a block diagram of a method for calcu-
lating pivot axes for the CAD models shown in FIGS.
12A-12D.

[0029] FIG. 14A is a side perspective view of the CAD
model having an axially-aligned orientation in the Cartesian
coordinate system, where an angle of rotation is being
determined.

[0030] FIG. 14B is a side perspective view of the CAD
model having a stable orientation in the Cartesian coordinate
system after being rotated from the axially-aligned orienta-
tion shown in FIG. 14A.

[0031] FIG. 15 is a block diagram of a method for rotating
the CAD model from the axially-aligned orientation shown
in FIG. 14A to the stable orientation shown in FIG. 14B.

[0032] FIG. 16 is a flows diagram of a suitable system for
performing the method of the present invention.

DETAILED DESCRIPTION

[0033] FIG. 1 is a perspective view of CAD model 10
located within coordinate system 12, where CAD model 10
is a geometric computer model of a 3D object (e.g., STL
file). Coordinate system 12 is a Cartesian coordinate system
that represents an area in which CAD model 10 is spatially
oriented. In alternative embodiments, other coordinate sys-
tems may be used (e.g., cylindrical coordinate systems).
Coordinate system 12 includes x-axis 12x, y-axis 12y, and
z-axis 12z, where axes 12x and 12y define a horizontal x-y
plane, and axis 12z defines a vertical axis orthogonal to the
horizontal x-y plane. CAD model 10 is spatially oriented in
coordinate system 12 such that axes 12x, 12y, and 12z
generally intersect at a central location of CAD model 10.

[0034] Prior to optimizing the spatial orientation of CAD
model 10 using the method of the present inverition, the
spatial orientation of CAD model 10 in coordinate system 12
is referred to as an “initial spatial orientation”. Typically this
refers to the spatial orientation of a given CAD model (e.g.,
CAD model 10) when the computer-based file is last saved,
but may also include default spatial orientations, and any
other manual or automatic pre-positioning of the CAD
model. Accordingly, CAD model 10 may be provided in any
initial spatial orientation in coordinate system 12.

[0035] While the initial spatial orientation may be a useful
orientation for viewing a CAD model on a computer moni-
tor, it is not necessarily an optimal orientation for build
performance with a particular rapid manufacturing system.
As a result, building a 3D object based on a CAD model in
the initial spatial orientation may undesirably reduce build
performance, (e.g., increasing build times and material
costs). Accordingly, as discussed below, the method of the
present invention may be used to optimize the spatial
orientations of CAD models (e.g., CAD model 10) to
improve build performance during rapid manufacturing.

[0036] FIG. 2 is a block diagram of method 14 of the
present invention, which is a computer-implemented method
for building a 3D object based on a CAD model. The
following discussion of method 14 is made with reference to
CAD model 10 shown in FIG. I with the understanding that
method 14 is applicable to a variety of CAD models. Method
14 includes steps 16-22, and initially involves providing
CAD model 10 to the computer, where CAD model 10 has
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an initial spatial orientation in coordinate system 12 (step
16). For the following discussion, the spatial orientation of
CAD model 10 shown in FIG. 1 is assumed to be an initial
spatial orientation.

[0037] Pursuant to method 14, the computer then deter-
mines an “optimal spatial orientation” of CAD model 10 in
coordinate system 12 based on one or more criteria (step 18).
The criteria are factors for optimizing build performance
during the rapid manufacturing. Examples of suitable crite-
ria include any type of rapid manufacturing build property,
such as reducing the build time, minimizing the required
volume of support material (referred to herein as “Volum-

23

€. ), improving the surface finish of the 3D object,
increasing part strength of the 3D object, reducing footprint
size (in the horizontal x-y plane), reducing the height of the
3D object (along axis 12z), improving fill patterns, obtaining
user-specified orientations, improving material selections,
and combinations thereof.

[0038] Based on the criteria that are selected, CAD model
10 may be rotated relative to one or more of axes 12x, 12y,
and 12z to reach the final spatial orientation in coordinate
system 12. For example, CAD model 10 may be reposi-
tioned to an optimal spatial orientation that minimizes the
Volume,__, thereby reducing the amount of support material
required to build the 3D object. Once CAD model 10 is
disposed in the optimal spatial orientation based upon the
criteria, the computer then slices CAD model 10 into layers
(in the horizontal x-y plane) with a slicing algorithm (step
20). Build paths are then generated for the sliced layers and
for any required support structures.

[0039] When the data generation is complete, a rapid
manufacturing system then builds a 3D object based on the
generated build paths (step 22). The 3D object is built with
a physical spatial orientation that corresponds to the optimal
spatial orientation of CAD model 10 in coordinate system
12. As a result, build performance during the rapid manu-
facturing is improved based on the one or more criteria that
are selected.

[0040] FIG. 3Ais a block diagram of method 24, which is
an example of a suitable method for determining an optimal
spatial orientation of CAD model 10 pursuant to step 18 of
method 14 (shown above in FIG. 2). Method 24 includes
steps 26-40, and initially involves selecting the one or more
criteria (step 26). The one or more criteria may be manually
selected from a list of factors, or may be preset in the
computer. This latter “preset” embodiment is particularly
suitable for automated processes, in which CAD model 10
is provided to a computer, and the computer then performs
method 24 automatically or upon execution of a software
routine (e.g., a user clicking on an execution button).

[0041] The computer then determines whether multiple
criteria are selected (step 28). If so, relative weights and
thresholds may be assigned to one or more of the selected
criteria (step 30). As discussed below, the assigned relative
weights and thresholds designate which criteria control
during conflicting or unreasonable results. As with the
criteria, the relative weights and thresholds may also be
assigned manually or be preset in the computer as default
values for automated processes. In one embodiment, the
relative weights are assigned using a pairwise comparison,
in which an individual relative weight is assigned between
each pair of criteria, and overall relative weights are then
generated based on the individual relative weights.
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[0042] After the criteria are set, the computer then rotates
CAD model 10 relative to one or more of axes 12x, 12y, and
12z to identify alternative spatial orientations of CAD model
10 in coordinate system 12 (step 32). The computer then
analyzes the initial and alternative spatial orientations of
CAD model 10 based on the one or more selected criteria,
including any relative weights and thresholds assigned (step
34). As discussed below, the analysis performed generally
depends on the criteria selected. For example, when select-
ing a criterion of minimizing the Volume,,,, the computer
calculates the Volume,_ for each of the initial and alterna-
tive spatial orientations to determine which spatial orienta-
tion requires the lowest volume of support material.

[0043] During the analysis, the computer incorporates the
assigned relative weights and thresholds into the analyzed
results. The relative weights provide weighted average
results when two or more criteria have conflicting results for
aparticular spatial orientation. Because the raw results of the
criteria are typically quantified in different units, a weighted
average of the raw results may not necessarily be meaning-
ful. To account for this, the computer may normalize each of
the results of the criteria to a uniform ranking (e.g., a scale
of 0-100). The computer may then provide a weighted
averaged result based on the normalized results of the
criteria and the assigned relative weights.

[0044] The assigned thresholds provide override values
that prevent unreasonable final spatial orientations from
being used. For example, if a criteria of minimizing the build
time is selected, a threshold value may be assigned that
designates the longest build time that is acceptable. Any
spatial orientations of CAD model 10 that result in build
times greater than the threshold value are automatically
rejected, regardless of the results of any other criteria
selected.

[0045] The use of relative weights and thresholds
increases the likelihood of obtaining analyzed results that
are reliable for improving build performance based on the
one or more selected criteria. As discussed above, the
relative weights and thresholds may be assigned manually or
may be preset. In alternative embodiments, step 30 may be
omitted if the relative weights and/or the thresholds are not
required for a given analysis.

[0046] After the analysis in step 34, the analyzed results of
the initial and alternative spatial orientations are then com-
pared to establish which spatial orientation of CAD model
10 provides the optimal results based on the one or more
criteria (step 36). The computer may perform the compari-
son in a variety of manners, such as by ranking the initial and
alternative spatial orientations by the analyzed results. The
computer then identifies the spatial orientation that provides
the optimal results (step 38).

[0047] The spatial orientation that provides the optimal
results for the spatial orientations analyzed, based on the one
or more selected criteria, is referred to herein as the “optimal
spatial orientation”. For example, if the analysis in step 34
is based on a criterion of minimizing the Volume,, , the
optimal spatial orientation is the spatial orientation of CAD
model 10 that requires the lowest volume of support mate-
rial.

[0048] Once the optimal spatial orientation is identified,
the computer then positions CAD model 10 at the optimal
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spatial orientation (step 40). The computer then slices CAD
model 10 into horizontal layers and generates build paths, as
discussed above in step 20 of method 14 (shown above in
FIG. 2).

[0049] In an alternative embodiment, steps 32-36 may be
performed in an iterative manner (as designated by phantom
arrow 42). In this embodiment, a given alternative spatial
orientation that is identified in step 32 is analyzed and
compared in steps 34 and 36 prior to the identification of a
subsequent alternative spatial orientation in step 32. The
computer then repeats steps 32-36 for each alternative
spatial orientation identified. During each comparison in
step 36, the computer updates the “optimal spatial orienta-
tion” of CAD model 10, thereby reducing computer storage
requirements (i.e., data of non-optimal spatial orientations
are discarded).

[0050] FIG. 3B is a block diagram of method 43 for
positioning CAD model 10 at the optimal spatial orientation,
pursuant to step 40 of method 24 (shown above in FIG. 3A).
As shown in FIG. 3B, method 43 includes steps 44-48, and
initially involves determining whether the optimal spatial
orientation is the same as the initial spatial orientation (step
44). If so, then CAD model 10 is not repositioned because
the initial spatial orientation is the “optimal” spatial orien-
tation for CAD model 10, and no change in position is
required (step 46).

[0051] Alternatively, if the optimal spatial orientation is
not the same as the initial spatial orientation, the computer
repositions CAD model 10 to the optimal spatial orientation
in coordinate system 12 (step 48). This allows the resulting
3D object to be built with the optimal spatial orientation
rather than the initial spatial orientation. After either step 46
or 48 is performed, CAD model 10 is then sliced into
horizontal layers and generates build paths, as discussed
above in step 20 of method 14 (shown above in FIG. 2).

[0052] FIGS. 4 and 5 show a first suitable method for
identifying and analyzing spatial orientations of CAD model
10, pursuant to steps 32 and 34 of method 24 (shown above
in FIG. 3A). FIG. 4 is a perspective view of CAD model 10
having an initial spatial orientation in coordinate system 12,
and is provided to illustrate the method discussed below in
FIG. 5. As a general overview of the method, the computer
identifies alternative spatial orientations of CAD model 10
by rotating CAD model 10 around axis 12x (as represented
by arrow 50), around axis 12y (as represented by arrow 52),
and around vector combinations of axes 12x and 12y (not
shown). At each alternative spatial orientation, the computer
analyzes the given spatial orientation based on the one or
more criteria selected. The computer then compares the
analyzed results of the alternative spatial orientations, as
discussed above in step 36 of method 24 (shown above in
FIG. 3A).

[0053] Tt is noted that rapid manufacturing systems typi-
cally build 3D objects layer-by-layer along axis 12z. As a
result, rotation around axis 12z is generally unnecessary
because such rotations generally provide the same analyzed
results for the criteria (e.g., same Volumes_ for all spatial
orientations rotated around axis 12z). Nonetheless, CAD
model 10 may also be rotated around axis 12z as necessary
for analyzing the criteria.

[0054] Rotational increments around axis 12x are repre-
sented in FIG. 4 as increments X, X,, X5, . . ., X, where
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X, represents the initial spatial orientation of CAD model 10
relative to axis 12x. Similarly, rotational increments around
axis 12y are represented as increments Y, Y5, Y, ..., Y,
where Y, represents the initial spatial orientation of CAD
model 10 relative to axis 12y. Thus, the initial spatial
orientation of CAD model 10 positions CAD model 10 at

increments X, and Y.

[0055] FIG. 5 is a block diagram of method 54 for
identifying and analyzing spatial orientations of CAD model
10, which includes steps 56-68. Steps 56-60 and 64-68
generally correspond to step 32 of method 24 (shown above
in FIG. 3A), and step 62 generally corresponds to step 34 of
method 24. As shown in FIG. 5, method 54 initially involves
defining rotational increments X,-X  around axis 12x and
rotational increments Y ,-Y,, around axis 12y (step 56). The
rotational increments are desirably evenly spaced to provide
an even distribution of measurements.

[0056] The computer then analyzes CAD model 10 at the
current spatial orientation (i.e., position X,, Y,) based on
each criterion selected (step 58). For example, if the selected
criteria include (1) minimizing the Volume, , and (2) mini-
mizing the footprint of the 3D object, then for the given
spatial orientation, the computer calculates (1) the volume of
support material required to build a 3D object having the
given spatial orientation, and (2) the horizontal footprint of
CAD model 10. Suitable techniques for calculating the
Volume and the horizontal footprint are discussed below.
AdditiOIﬁlr;lHy, because two criteria are selected, the computer
may also incorporate any assigned relative weights and
thresholds to provide a weighted result for the given spatial
orientation.

[0057] Once the analyzed results are calculated for the
current spatial orientation, the computer then rotates CAD
model 10 around axis 12x by a single rotational increment
(i.e., from position X, to position X,) (step 60). The spatial
orientation of CAD model 10 at increment (X,, Y,) is then
identified (step 62) .

[0058] The computer then determines whether the current
rotational increment is position X, to assess whether CAD
model 10 has completely rotated around axis 12x (step 64).
In this example, CAD model 10 is currently only at position
X,. Therefore, steps 58-64 are repeated until CAD model 10
is completely rotated around axis 12x, and returns to position
X,. This provides analyzed results for “n” spatial orienta-
tions around axis 12x.

[0059] Once CAD model 10 is completely rotated around
axis 12x, the computer then rotates CAD model 10 around
axis 12y by a single increment (i.e., from position Y, to
position Y,) (step 66). The computer then determines
whether the current rotational increment is position Y, to
assess whether CAD model 10 has completely rotated
around axis 12y (step 68). In this example, CAD model 10
is currently only at position Y,. Therefore, steps 58-68 are
repeated until CAD model 10 is completely rotated around
axis 12y, and returns to position Y.

[0060] Once CAD model 10 returns to position Y, the
computer will have calculated build properties for up to “n”
spatial orientations around axis 12x for each of “m” incre-
mental rotations around axis 12y. This provides analyzed
results for up to “n*m” spatial orientations of CAD model
10, which are evenly spaced within coordinate system 12.
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The actual number of analyzed results may be less than this
product because the computer may ignore duplicate special
orientations to further reduce computational time.

[0061] Once the spatial orientations of all of the rotational
increments are analyzed, the analyzed results for the initial
and alternative spatial orientations are then compared in step
36 of method 24 (shown above in FIG. 3A) to determine
which spatial orientation provides the optimal results. For
example, when minimizing the Volume,_,, the computer
compares the Volumes,, of the initial and alternative spatial
orientations to determine which spatial orientation provides
the lowest Volume, . The computer then identifies the
optimal spatial orientation as the spatial orientation having
the optimal results, pursuant to step 38 of method 24 (shown
above in FIG. 3A). The resulting 3D object is then built
pursuant to the optimal spatial orientation of CAD model 10,
thereby improving build performance during the rapid
manufacturing.

[0062] While method 54 is discussed above as having
CAD model 10 rotated around axes 12x and 12y in a
particular sequence, a variety of alternative rotational tech-
niques may be used to arrive at the alternative spatial
orientations. For example, the sequence in which CAD
model 10 is rotated may differ from the sequence provided
by method 54 (e.g., rotate around axis 12y for each rotational
increment around axis 12x). Alternatively, the computer may
have a pre-generated list of rotational coordinates that
designate where CAD model 10 rotates to.

[0063] FIGS. 6A-15 describe a second suitable method for
identifying and analyzing spatial orientations of CAD model
10, pursuant to steps 32 and 34 of method 24 (shown above
in FIG. 3A). As a general overview, the method shown in
FIGS. 6A-6C and 7 involves positioning CAD model 10 at
“axially-aligned orientations”, and identifying and analyz-
ing a “stable orientation” of CAD model 10 for each
axially-aligned orientation; FIGS. 8A-8C and 9 describe a
suitable method for identifying and analyzing a stable ori-
entation of CAD model 10; FIGS. 10A-10D and 11 describe
a suitable method for determining whether a given spatial
orientation is a stable orientation; FIGS. 12A-12D and 13
describe a suitable method for calculating a pivot axis; and
FIGS. 14A, 14B, and 15 describe a suitable method for
rotating CAD model 10 around the pivot axis.

[0064] FIGS. 6A and 6B are perspective views (and FIG.
6C is a side view) of CAD model 10 having different spatial
orientations in coordinate system 12, and are provided to
illustrate the method discussed below in FIG. 7. FIG. 6A
shows CAD model 10 in an initial spatial orientation. The
portions of axes 12x, 12y, and 12z that extend through CAD
model 10 are shown with hidden lines, and axis 12z of
coordinate system 12 is subdivided into positive vector +12z
and negative vector —12z. As shown, CAD model 10 has
center of mass 70 and primary axes A, B, and C.

[0065] As discussed in detail below, the computer aligns
the primary axes of CAD model 10 with positive vector 12z
and negative vector —12z. This provides six spatial orienta-
tions of CAD model 10 (three orientations facing positive
directions and three orientations facing negative directions).
FIG. 6B shows CAD model 10 positioned such that principal
axis A is aligned with positive vector +12z. The computer
then rotates CAD model 10 to stable orientations, if neces-
sary, and analyzes CAD model 10 in the stable orientations
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based on the one or more criteria selected. Terms such as
“stable”, “stability”, and the like, refer to the positional
stability of an object (i.e., the resistance to falling over).
FIG. 6C shows CAD model 10 having a stable orientation
after being rotated from the spatial orientation shown in FIG.
6B.

[0066] FIG. 7 is a block diagram of method 72 for
identifying and analyzing stable orientations of CAD model
10. Method 72 includes steps 74-84, and initially involves
calculating the volume, center of mass 70, and the inertial
tensor of CAD model 10 (step 74) while CAD model 10 is
in the initial spatial orientation, as shown above in FIG. 6A.
The volume of CAD model 10 is based on the corresponding
geometric dimension, and center of mass 70 is a function of
the volume and the density of the build material used (or a
constant value may be used). The inertial tensor describes
the amount of angular moment that CAD model 10 pos-
sesses, which allows the computer to calculate principal
axes A, B, and C by diagonalizing the inertial tensor (step
76).

[0067] The computer then rotates CAD model 10, using
center of mass 70 as a pivot point, to a first axially-aligned
orientation in which principal axis A is aligned with positive
vector +12z (step 78). This rotates CAD model 10 from the
initial spatial orientation shown in FIG. 6A to the axially-
aligned orientation shown in FIG. 6B.

[0068] The computer then identifies a stable orientation
from the axially-aligned orientation, and analyzes CAD
model 10 at the stable orientation based on the one or more
criteria selected (step 80). A suitable method for performing
step 80 is discussed below in FIGS. 8A, 8B, and 9. In the
current example, the computer repositions CAD model 10
from the axially-aligned orientation shown above in FIG. 6B
to the stable orientation shown above is FIG. 6C. The
computer then analyzes CAD model 10 at the stable orien-
tation based on the one or more criteria selected.

[0069] The computer then determines whether the last
axially-aligned orientation (i.e., principal axis A aligned
with positive vector +12z) is the last of the six axially-
aligned orientations (step 82). At this point, there are five
remaining axially-aligned orientations that are not yet ana-
lyzed. Therefore, the computer rotates CAD model 10 to the
next axially-aligned orientation (e.g., principal axis B
aligned with positive vector +12z) (step 84). The computer
then identifies a stable orientation based on this next axially-
aligned orientation, and analyzes CAD model 10 at the
stable orientation, based on the one or more criteria selected
(step 80).

[0070] The computer then repeats steps 80-84 until all six
axially-aligned orientations are analyzed. This provides ana-
lyzed results for six stable orientations of CAD model 10.
The computer then compares the analyzed results of the six
stable orientations and identifies the “optimal spatial orien-
tation” of CAD model 10 for the one or more criteria, as
discussed above in steps 36 and 38 of method 24 (shown
above in FIG. 3A). Accordingly, method 72 is beneficial for
limiting the number of spatial orientations analyzed (i.e., six
aligned spatial orientations), where the analyzed spatial
orientations are stable orientations.

[0071] While discussed above with reference to principal
axes A, B, and C, method 72 may alternatively be performed
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using additional or fewer principal axes than discussed
above, which determines the number of spatial orientations
that are analyzed. For example, sub-principal axes may be
calculated from the principal axes and used in the same
manner. This provides for a greater level of control over the
number of computations involved.

[0072] FIGS. 8A-8C and 9 describe a suitable method for
identifying and analyzing a stable orientation of CAD model
10, pursuant to step 80 of method 72 (shown above in FIG.
7). FIGS. 8A-8C are provided to illustrate the method
discussed below in FIG. 9.

[0073] FIG. 8A s a perspective view of CAD model 10 in
the axially-aligned orientation shown above in FIG. 6B. As
shown in FIG. 8A, CAD model 10 further includes surface
86, which is the bottom surface of CAD model 10. The
exterior surfaces of CAD models contain multiple vertices
(i.e., data points) that designate the corners and curve
locations of the CAD models. Each vertex contains an x-y-z
coordinate location in coordinate system 12, and vector
segments interconnect the vertices to define the exterior
surface of the CAD model. Accordingly, surface 86 is a
bottom surface of CAD model 10 that includes the “lowest”
vertices of CAD model 10, vertically along axis 12z.

[0074] Based in part on surface 86, the computer calcu-
lates horizontal plane 88 and pivot axis 90 to identify a
stable orientation of CAD model 10. Horizontal plane 88 is
a horizontal x-y plane that is vertically level with surface 86
along axis 12z, and represents a platform for building a 3D
object. Pivot axis 90 is an axis around which CAD model 10
rotates to arrive at a stable orientation.

[0075] FIG. 8B is a sectional view of surface 86 taken
from section 8B-8B in FIG. 8A (horizontal plane 88 is
omitted). FIG. 8B further illustrates the “lowest” vertices of
CAD model 10, which are referred to as vertices 86 ,-86,.
As shown, vertices 86 ,-86,, are located at the corners of
surface 86, thereby defining a rectangular area that is parallel
with a plane defined by axes 12x and 12y.

[0076] FIG. 8C is a side view of CAD model 10 in the
stable orientation shown above in FIG. 6C. As shown in
FIG. 8C, the computer rotates CAD model 10 around pivot
axis 90 (as shown by arrow 91) to arrive at the stable
orientation, which occurs when vertex 92 of CAD model 10
reaches horizontal plane 88. Vertex 92 is a “non-lowest” data
point of the exterior surface of CAD model 10.

[0077] FIG. 9 is a block diagram of method 93 for
identifying and analyzing a stable orientation of CAD model
10, pursuant to step 80 of method 72. Method 93 includes
steps 94-104, and initially involves identifying one or more
“lowest” vertices of CAD model 10 (i.e., the one or more
lowest data points of the exterior surface of CAD model 10),
vertically along axis 12z (step 94). As discussed above, the
lowest vertices of CAD model 10 are vertices 86,-86,,
which define surface 86. The computer then generates
horizontal x-y plane 88 at a location that is vertically level
with vertices 86,-86,, of CAD model 10, along axis 12z
(i.e., vertically level with surface 86) (step 96).

[0078] Next, the computer determines whether the axially-
aligned orientation shown above in FIG. 8A is a stable
orientation (step 98). A suitable method for determining
stability pursuant to step 98 is discussed below in FIGS. 10
and 11, and generally involves determining the relative
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locations of center of mass 70 and the one or more lowest
vertices of CAD model 10. If the axially-aligned orientation
of CAD model 10 is a stable orientation, then the computer
does not change the position of CAD model 10 because
CAD model 10 is already in a stable orientation. However,
if the axially-aligned orientation of CAD model 10 is not a
stable orientation, then the computer calculates pivot axis 90
(step 100) and rotates center of mass 70 of CAD model 10
around pivot axis 90 (as represented by arrow 91) until data
point 92 reaches horizontal plane 88 (step 102). This repo-
sitions CAD model 10 from the axially-aligned orientation
shown above in FIG. 8A to the stable orientation shown
above is FIG. 8C.

[0079] After either step 98 or 102 are performed to posi-
tion CAD model 10 at a stable orientation, the computer then
analyzes CAD model 10 based on the one or more criteria
selected (step 104). The computer then determines whether
the axially-aligned orientation shown above in FIG. 8A is
the last of the six axially-aligned orientations, pursuant to
step 82 of method 72 (shown above in FIG. 7). As discussed
above, method 93 is beneficial for positioning CAD model
10 at a stable orientation before analyzing CAD model 10.
This reduces the risk of building 3D objects in unstable
orientations.

[0080] FIGS. 10A-10D and 11 describe a suitable method
for determining whether a given spatial orientation is a
stable orientation, pursuant to step 98 of method 93 (shown
above in FIG. 9). FIGS. 10A-10D show examples of dif-
ferent CAD models (i.e., CAD models 10A-10D), and are
provided to illustrate the method discussed below in FIG. 11.

[0081] FIG. 10A is a perspective view of CAD model
10A, which corresponds to CAD model 10 in the axially-
aligned orientation shown above in FIG. 8A. As shown in
FIG. 10A, the generated data also includes perimeter 106
and projection point 108. The term “perimeter” of a CAD
model (e.g., perimeter 106) refers to a boundary on hori-
zontal plane 88 that interconnects all of the lowest vertices
of the CAD model. In this example, the lowest vertices of
CAD model 10A are vertices 86 ,-865,. As such, perimeter
106 is a boundary that interconnects vertices 86 ,-86,
thereby containing the same rectangular area as surface 86.
Projection point 108 is a point on horizontal plane 88 that is
vertically below center of mass 70, along axis 12z. As shown
in this example, projection point 108 is located outside of
perimeter 106.

[0082] FIG. 10B is a perspective view of CAD model 10B,
which is a first alternative example to CAD model 10, and
includes second surface 110. Second surface 110 is a second
planar surface defined by vertices 110,-110,, (not shown).
Vertices 110,-110,, are additional lowest vertices of CAD
model 105 that are level with vertices 86 ,-86,,, and define
second surface 110. The generated data also includes perim-
eter 112 and projection point 108, where perimeter 112 is a
boundary on horizontal plane 88 that is defined by all of the
lowest vertices of CAD model 105 (i.e., vertices 86,-86
and 110,-110.,). In this example, perimeter 112 contains an
area that includes areas of surfaces 86 and 110, and the area
between surfaces 86 and 110 (represented by dashed lines).
Projection point 108 is the same as discussed above in FIG.
10,, and in this example, is located within perimeter 112.

[0083] FIG.10C is a perspective view of CAD model 10,
which is a second alternative example to CAD model 10,,
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and includes edge 114 in lieu of surface 86. Edge 114 is
defined by vertices 114 , and 1145 of CAD model 10, which
are the lowest vertices of CAD model 10 (i.e., the lowest
data points of the exterior surface of CAD model 10.). The
generated data also includes projection point 108, which is
the same as discussed above in FIG. 10A.

[0084] FIG. 10D is a perspective view of CAD model 10,
which is a third alternative example to CAD model 10,.
CAD model 10 includes tip 116 in lieu of surface 86, where
tip 116 is located at a single lowest vertex of CAD model
10  (i.e., the lowest data point of the exterior surface of CAD
model 105). The generated data also includes projection
point 108, which is the same as discussed above in FIG.
10A.

[0085] FIG. 11 is a block diagram of method 118 for
determining whether a given spatial orientation is a stable
orientation, pursuant to step 98 of method 93. The following
discussion of method 118 is initially made with reference to
CAD model 10, shown above in FIG. 10A.

[0086] Method 118 includes steps 120-124, and initially
involves determining whether the lowest vertices of CAD
model 10, (i.e., vertices 86 ,-86.,) define a plane (step 120).
This occurs when the lowest vertices include at least three
lowest vertices that are non-colinear. In this example, ver-
tices 86,-86,, define a plane having at least three lowest
vertices that are non-colinear (i.e., surface 86). Therefore,
the computer proceeds to identity perimeter 106, which, as
discussed above, is a boundary that includes vertices 86,-
86, and contains the same rectangular area as surface 86
(step 122).

[0087] The computer then determines whether projection
108 of center of mass 70 is located within perimeter 106
(step 124). This determination generally relies on the con-
cept that if the center of mass of a 3D object is balanced
above the supporting surface of the 3D object, then the 3D
object is in a stable orientation. In this example, however,
projection 108 is disposed outside of perimeter 106. There-
fore, the computer determines that the axially-aligned ori-
entation shown in FIG. 10A is not a stable orientation. The
computer then proceeds to step 100 of method 93 (shown
above in FIG. 9) to calculate a pivot axis for rotating CAD
model 10A to a stable orientation.

[0088] Referring now to the example shown in FIG. 10B,
the computer determines whether the lowest vertices of
CAD model 104 (i.e., vertices 86,-86 and 110,-110)
define a plane (step 120). In this example, vertices 86 ,-86,
and 110 ,-110, define a plane having at least three lowest
vertices that are non-colinear (i.e., a plane that includes
surfaces 86 and 110). Therefore, the computer proceeds to
identify perimeter 112, which is based on vertices 86 ,-86,
and 110,-110, (step 122). As discussed above, perimeter
112 has an area corresponding to the areas of surfaces 86 and
110, and the area between surfaces 86 and 110.

[0089] The computer then determines whether projection
108 of center of mass 70 is located within perimeter 112
(step 124). As shown above in FIG. 10B, projection 108 is
located within perimeter 112 in this example. Therefore, the
computer determines that the axially-aligned orientation
shown in FIG. 10B is a stable orientation, and does not
further rotate CAD model 10g. The computer proceeds to
step 104 of method 93 (shown above in FIG. 9) to analyze
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CAD model 105 in the axially-aligned orientation, based on
the one or more criteria selected.

[0090] Referring now to the example shown in FIG. 10C,
the computer determines whether the lowest vertices of
CAD model 10 define a plane (step 120). In this example,
the lowest vertices of CAD model 10, (i.e., vertices 114,
and 114;) only define a line, rather than a plane. Because a
plane is not defined, a perimeter of the lowest vertices
cannot be identified. Instead, the computer determines
whether center of mass 70 is located directly above either of
the lowest vertices (i.e., vertex 114, or 114;) (step 126),
vertically along axis 12z.

[0091] If center of mass 70 is located directly above either
vertex 114, or vertex 114, then the computer determines
that the given axially-aligned orientation is a stable orien-
tation, and does not rotate the CAD model. The computer
then proceeds to step 104 of method 93 (shown above in
FIG. 9) to analyze the CAD model in the given axially-
aligned orientation, based on the one or more criteria
selected.

[0092] As shown above in FIG. 10C, however, center of
mass 70 is not located directly above either vertex 114, or
vertex 1145,. Therefore, the computer determines that the
axially-aligned orientation shown in FIG. 10C is not a stable
orientation. The computer then proceeds to step 100 of
method 93 (shown above in FIG. 9) to calculate a pivot axis
for rotating CAD model 10, to a stable orientation.

[0093] Referring now to the example shown in FIG. 10D,
the computer determines whether the lowest vertex of CAD
model 10D defines a plane (step 120). In this example, CAD
model 10D has a single lowest vertex at tip 116, which does
not define a plane. Therefore, the computer determines
whether center of mass 70 is located directly above the
lowest vertex of CAD model 10D (i.e., directly above tip
116) (step 126). As shown in FIG. 10D, center of mass 70
is not located directly above tip 116. Therefore, the computer
determines that the axially-aligned orientation shown in
FIG. 10D is not a stable orientation. The computer then
proceeds to step 100 of method 93 (shown above in FIG. 9)
to calculate a pivot axis for rotating CAD model 10, to a
stable orientation.

[0094] Tt is noted that if tip 116 were located directly
below center of mass 70 of CAD model 10, the computer
would determine that the given axially-aligned orientation is
a stable orientation, despite the fact that the given orientation
would not actually be stable. In situations such as this, the
computer may adjust the location of center of mass 70 by a
small value in a plane defined by axes 12x and 12y. This
small adjustment prevents center of mass 70 from being be
located directly above tip 116, which causes the computer to
identify the axially-aligned orientation as being an unstable
orientation, pursuant to step 126.

[0095] FIGS. 12A-12D and 13 describe a suitable method
for calculating a pivot axis (e.g., pivot axis 90), pursuant to
step 100 of method 93 (shown above in FIG. 9). As
discussed below, the pivot axis is used to determine the pivot
point and direction in which the computer rotates a given
CAD model. FIGS. 12A-12D show examples of different
CAD models, and are provided to illustrate the method
discussed below in FIG. 13.

[0096] FIG. 12A s a perspective view of CAD model 10,
(shown above in FIG. 10A), which further includes pivot
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axis 90. Pivot axis 90 is the same as shown above in FIG.
8A, and is used for rotating CAD model 10, from the
axially-aligned orientation shown in FIG. 12A to a stable
orientation.

[0097] FIG. 12B is a sectional view of surface 86 taken
from section 12B-12B in FIG. 12A (horizontal plane 88 is
omitted). FIG. 12B further shows line 126 and vertex
segments 11285, 128, 128, and 128,,,. Vertex seg-
ments 128, , 128, 128, and 128, are vector segments
that respectively interconnect vertices 86,-86, to define
perimeter 106. Line 126 represents the shortest distance
between perimeter 106 and projection 108 of center of mass
70, and intersects vector segment 128, at a midpoint
location.

[0098] FIG. 12C is a perspective view of CAD model 10,
which further includes pivot axis 130. Pivot axis 130 func-
tions in the same manner as pivot axis 90 (shown above in
FIG. 8A) for rotating CAD model 10 from the axially-
aligned orientation shown in FIG. 12C to a stable orienta-
tion.

[0099] FIG. 12D is a perspective view of CAD model 10,
which further includes segment 132 and pivot axis 134,
where segment 132 extends between center of mass 70 and
tip 116. The portion of segment 132 that extends through
CAD model 10 is shown with a hidden line. Pivot axis 134
functions in the same manner as pivot axis 90 (shown above
in FIG. 8A) for rotating CAD model 10, from the axially-
aligned orientation shown in FIG. 12D to a stable orienta-
tion.

[0100] FIG. 13 is a block diagram of method 136 for
calculating a pivot axis, pursuant to step 100 of method 93.
The following discussion of method 136 is initially made
with reference to CAD model 10, shown above in FIG.
12D. Method 118 includes steps 138-152, and initially
involves determining whether CAD model 10 has a single
lowest vertex (step 138). In this example, CAD model 10,
has a single lowest vertex at tip 116. Therefore, the computer
then calculates segment 132 between center of mass 70 and
tip 116 (step 140).

[0101] The computer then calculates a pivot axis as an axis
that (1) is perpendicular to segment 132, (2) lies in hori-
zontal plane 88, and (3) and intersects tip 116 (step 142).
This provides pivot axis 134, shown above in FIG. 10D. The
computer then rotates center of mass 70 around pivot axis
134 until CAD model 105 reaches a stable orientation,
pursuant to step 102 of method 93 (shown above in FIG. 9).

[0102] Referring now to the example shown in FIG. 12C,
the computer determines whether CAD model 10, has a
single lowest vertex (step 138). In this example, CAD model
10, includes a pair of lowest vertices (i.e., vertices 114, and
114y). Therefore, the computer then determines whether the
lowest vertices of CAD model 10 define a plane (i.e., at
least three lowest vertices that are non-colinear) (step 144).
As discussed above, vertices 114, and 114, define a line,
rather than a plane. Therefore, the computer identifies a
colinear path along vertices 114, and 1144 (i.e., edge 114),
and calculates a pivot axis as an axis that extends along the
colinear path. This provides pivot axis 130, shown above in
FIG. 10C. The computer then rotates center of mass 70
around pivot axis 130 until CAD model 10 reaches a stable
orientation, pursuant to step 102 of method 93 (shown above
in FIG. 9).
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[0103] Referring now to the example shown in FIGS. 12A
and 12B, the computer determines whether CAD model 10,
has a single lowest vertex (step 138). In this example, CAD
model 10, includes four lowest vertices (i.e., vertices 86 ,-
86,). Therefore, the computer then determines whether the
lowest vertices of CAD model 10, define a plane (step 144).
As discussed above, vertices 86 ,-86, define a plane having
at least three lowest vertices non-colinear (i.e., surface 86).

[0104] Because the lowest vertices of CAD model 10,
define a plane, the computer then analyzes vertices 86 ,-86,
and identifies which lowest vertex is closest to projection
108 of center of mass 70 (step 148). In this example, vertices
86, and 86, are equally close to projection 108. The com-
puter then analyzes vertex segments 128 ., 1285, 1281,
and 128, ,, and identifies which vertex segment is closest to
projection 108 of center of mass 70 (step 150). In this
example, as shown above in FIG. 12B, vertex segment
128, is the closest vertex segment to projection 108 (rep-
resented by line 126 in FIG. 12B). The computer then
determines whether the identified lowest vertex (i.e., vertex
86, or 86,,) is closer to projection 108 than the identified
vertex segment (i.e., vertex segment 128, ) (step 152).

[0105] Ifthe identified lowest vertex is closer to projection
108 than the identified vertex segment, then the computer
would calculate a segment between the identified lowest
vertex and center of mass 70, and calculate a pivot axis
based on the segment, in the manner discussed above in
steps 140 and 142. In the current example, however, vertex
segment 128AD is closer to projection 108 than either vertex
86, or 86,. Therefore, the computer identifies a colinear
path along vertex segment 128 , 1, and calculates a pivot axis
as an axis that extends along the colinear path, in the manner
discussed above in step 146. This provides pivot axis 90,
shown above in FIGS. 12A and 12B. After pivot axis 90 is
calculated, the computer then rotates center of mass 70
around pivot axis 90 until CAD model 10, reaches a stable
orientation, pursuant to step 102 of method 93 (shown above
in FIG. 9).

[0106] FIGS. 14A, 14B, and 15 describe a suitable method
for rotating CAD model 10 around pivot axis 90, pursuant
to step 102 of method 93 (shown above in FIG. 9). FIGS.
14A and 14B are side views of CAD model 10 correspond-
ing to CAD model 10, shown above in FIG. 12A), which are
provided to illustrate the method discussed below in FIG.
15.

[0107] As shown in FIG. 14A, the generated data further
includes vertex 154, and segments 156 and 158. Vertex 154
is a second vertex of CAD model 10, similar to vertex 92.
As generally noted above, and as shown in FIG. 14A,
vertices 92 and 154 are examples of “non-lowest” vertices of
CAD model 10. Segment 156 extends between pivot axis 90
and vertex 92, and is disposed at angle 1564 from horizontal
surface 88. Similarly, segment 158 extends between pivot
axis 90 and vertex 154, and is disposed at angle 1584 from
horizontal surface 88.

[0108] FIG. 14B shows CAD model 10 in a stable orien-
tation after center of mass 70 is rotated around pivot axis 90
by angle 156a. In the stable orientation, vertex 92 of CAD
model 10 is positioned at horizontal plane 88.

[0109] FIG. 15 is a block diagram of method 160 for
rotating CAD model 10 around pivot axis 90, and includes
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steps 162-174. Method 160 initially involves identifying a
first “non-lowest” vertex on the exterior surface of CAD
model 10 (step 162). As discussed above, the exterior
surface of CAD model 10 contains multiple vertices (i.e.,
data points). Accordingly, during steps 162-170, the com-
puter sequentially identifies each non-lowest vertex of CAD
model 10.

[0110] The total number of non-lowest vertices identified
may vary. For example, the computer may identify every
non-lowest vertex of CAD model 10, and thereby calculate
angles for every non-lowest vertex of CAD model 10.
Alternatively, if CAD model 10 contains a large number of
non-lowest vertices, the computer may limit the number of
identified vertices, such as identifying an even distribution
of non-lowest vertices, identifying a random set of non-
lowest vertices, or by identifying non-lowest vertices
grouped at a particular location of CAD model 10.

[0111] In this example, let us assume the first non-lowest
vertex is vertex 154. The computer then calculates segment
158 between pivot axis 90 and vertex 154 (step 164), and
calculates the angle between segment 158 and horizontal
surface 88 (i.e., angle 1584a) (step 166). As shown above in
FIG. 14 A, horizontal plane 88 extends to either side of pivot
axis 90, along axis 12y. Accordingly, the side of horizontal
plane 88 that the angle is based on (relative to pivot axis 90)
is the side on which projection 108 is located. This is shown
above as the left side of horizontal plane 88 in FIG. 14A.

[0112] The computer then checks whether the current
non-lowest vertex (i.e., vertex 154) is the last non-lowest
vertex of CAD model 10 (step 168). As discussed above, the
number of identified non-lowest vertices of CAD model 10
may vary. At this point, there are additional non-lowest
vertices that exist. Therefore, the computer proceeds to a
next non-lowest vertex (step 170). Let us assume in this
example that the next non-lowest vertex is vertex 92. The
computer then repeats steps 164 and 166 for vertex 92,
thereby providing segment 156 and angle 156a. The com-
puter then repeats steps 164-168 for each vertex of the
exterior surface of CAD model 10.

[0113] When the last non-lowest vertex is analyzed, the
computer then identifies the lowest calculated angle between
the segments and horizontal plane 88 (step 172). In the
current example, angle 156aq is the lowest angle calculated.
As a result, the computer rotates center of mass 70 of CAD
model 10 around pivot axis 90 by a number of degrees equal
to angle 156a (step 174). This rotates CAD model 10 to the
stable orientation shown above in FIG. 14B, where vertex 92
is positioned at horizontal surface 88. The computer then
analyzes CAD model 10 in the stable orientation, based on
the one or more criteria selected, pursuant to step 104 of
method 92 (shown above in FIG. 9).

[0114] As discussed above, the methods discussed above
in FIGS. 6A-15 are beneficial for identifying stable orien-
tations of CAD model 10. This allows a resulting 3D object
to be built in a physical orientation that corresponds to the
given stable orientation of CAD model 10, thereby reducing
the risk of the 3D object collapsing during the build process.
Additionally, the methods are beneficial for limiting the
number of spatial orientations that are analyzed (e.g., six
axially-aligned orientations), which correspondingly limits
the number of computations required by the computer.

[0115] As discussed above, the present invention may be
used to identify final spatial orientations based on one or
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more criteria. Examples of suitable criteria include any type
of measurable rapid manufacturing build property, such as
reducing the build time, minimizing the Volume,, , improv-
ing the surface finish of the 3D object, increasing part
strength of the 3D object, reducing footprint size (in the
horizontal x-y plane), reducing the height of the 3D object
(along axis 12z), improving fill patterns, obtaining user-
specified orientations, improving material selections, and
combinations thereof. The following discussion provides
some examples of suitable techniques for analyzing given
spatial orientations based on particular criteria:

1. Minimizing the Required Volume of Support Material

[0116] When creating 3D objects by rapid manufacturing
techniques that involve deposition processes (e.g., fused
deposition modeling and ink jetting), support structures may
be used underneath overhanging portions or in cavities of
the 3D objects under construction, which are not directly
supported by the build material itself. Support structures
may be built utilizing the same rapid manufacturing tech-
niques and systems by which the build material is deposited.

[0117] The use of support structures to support overhang-
ing portions of 3D objects substantially increases build times
due to data generation and deposition of the support layers.
In general, the build time is proportional to the Volume,_ .
Therefore, it is desirable to position CAD model 10 in a
spatial orientation that minimizes the Volume, .

[0118] The Volume,,, for a given spatial orientation of
CAD model 10 is calculated by generating support columns
under each overhanging portion. Suitable techniques for
generating support columns for CAD models are discussed
in Crump et al., U.S. Pat. No. 5,503,785, Abrams et al., U.S.
Pat. No. 5,587,913. A particularly suitable technique for
generating support columns is provided by rapid manufac-
turing software under the trade designation “INSIGHT”
from Stratasys, Inc., Eden Prairie, Minn. The computer then
measures the total volume of the generated support columns
for the given spatial orientation. These measured volumes
are the analyzed results that are subsequently compared in
step 38 of method 24 (shown above in FIG. 3).

2. Improving Surface Finish

[0119] 3D objects built by rapid manufacturing techniques
generally exhibit “stair step” appearances, particularly at
curved or angled exterior surfaces. The stair stepping effect
is caused by the layering of cross-sectional shapes that have
square-edge profiles, and is more pronounced as layer thick-
nesses increase. While the stair stepping effect generally
does not affect the strengths of the 3D objects, it may
significantly diminish the aesthetic qualities.

[0120] One aspect of surface finish of a 3D object is based
on curved or angled surfaces that extend vertically along
axis 12z, thereby creating the stair step appearance. Surface
finish may be improved by minimizing the surface areas of
curved or angled surfaces extending vertically. Accordingly,
during step 62, the computer measures the total surface area
of the curved or angled surfaces of CAD model 10 for the
given spatial orientation. The measured surface areas are the
analyzed results that are subsequently compared in step 38
of method 24.
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3. Increasing Part Strength

[0121] The part strength of a 3D object may be affected by
the generated build paths used during the build process,
particularly at thin part locations. Accordingly, in this
embodiment, the computer scans the given spatial orienta-
tion and identifies particular factors that may affect the
strength of the 3D object, such as build path vector direc-
tions at thin part locations. In step 38 of method 24, the
computer then compares the spatial orientations to deter-
mine which increase or decrease the part strength.

4. Reducing the Footprint Size

[0122] Reducing the footprint size of CAD model 10 in
the horizontal x-y plane is beneficial for optimizing the build
space in a rapid manufacturing system. This allows multiple
3D objects to be built during a single build process. Accord-
ingly, in this embodiment, the computer measures the hori-
zontal area of CAD model 10 over a plurality of increments
along the axis 12z for the given spatial orientation. The
computer then records the widest areas measured for each
spatial orientation, which are subsequently compared in step
38 of method 24.

5. Reducing Vertical Height

[0123] Reducing the height of the 3D object along axis 12z
is beneficial for reducing the number of vertical increments
required to build the 3D object, which is another factor that
affects build time during rapid manufacturing. Accordingly,
the computer measures the distance along axis 12z between
the highest vertex and the lowest vertex of CAD model 10
for the given spatial orientation. The distances are then
compared in step 38 of method 24.

6. Improving Fill Patterns

[0124] When generating build paths for the sliced layers,
small void regions may appear between generated paths due
to resolution limitations. These void regions may result in
small cavities being formed between the deposited roads of
build material, which correspondingly increases the porosity
of the resulting 3D objects, thereby reducing the structural
integrities of the resulting 3D objects. Accordingly, in this
embodiment, the computer measures the number and vol-
ume of void regions that appear in the build paths for the
given spatial orientation. An example of a suitable technique
for identifying small void regions is disclosed in Holzwarth,
U.S. patent application Ser. No. 11/343,355, which is
entitled “Method For Building Three-Dimensional Objects
With Extrusion-Based Layered Deposition Modeling”.
Alternatively, the computer may identify known geometric
factors that typically result in small void regions being
formed.

[0125] As discussed above, method 14 of the present
invention is beneficial for optimizing the spatial orientations
of CAD models (e.g., CAD model 10) based on one or more
criteria (e.g., minimizing the Volume ). As a result, the
physical characteristics of the resulting 3D object may be
improved and/or the build performance during the rapid
manufacturing may be improved.

[0126] FIG. 16 is a block diagram of method 176, which
is an alternative method for building multiple 3D objects
pursuant to techniques discussed above for method 14.
Method 176 includes steps 178 and 180, and initially
involves providing multiple CAD models of 3D objects,



US 2007/0233298 Al

where it is desired to build as many of the multiple 3D
objects in a build space of a rapid manufacturing system
during a single build cycle (step 178). The computer then
determines an optimal spatial orientation for a first and
second CAD model in the same manner as discussed above
in step 18 of method 14 (steps 180 and 182).

[0127] The computer then determines whether the second
CAD model fits within the build space with the first CAD
model (step 184). This determination is based on the foot-
print size of the first and second CAD models. If both CAD
models fit within the build space, then the computer repeats
step 182 for a third CAD model, and determines whether the
optimized third CAD model also fits within the build space
with the first and second CAD models (step 184). Steps 182
and 184 are repeated until there are no additional CAD
models to be built or if no additional CAD models will fit
within the build space.

[0128] The computer then determines updated optimal
spatial orientations for the CAD models that fit within the
build space based on the one or more selected criteria (step
186). This is performed in the same manner as discussed
above in step 18 of method 14 except that relative locations
of the multiple CAD models may also be taken into con-
sideration (e.g., for reducing the Volume,,,.

[0129] The computer then slices the one or more CAD
models and builds the 3D objects in the same manner as
discussed above in steps 20 and 22 of method 14 (steps 188
and 190), thereby building multiple 3D objects in a single
build cycle. Accordingly, method 176 is beneficial for
increasing the number of CAD models that may be built in
a single build cycle, and is particularly suitable when
analyzing the CAD models based on the criteria of reducing
the footprint area of the CAD models.

[0130] FIG. 17 is a flow diagram of system 192 for
building 3D objects pursuant to method 14, with the various
embodied steps, as discussed above. System 192 includes
computer 194, and rapid manufacturing system 196, which
communicate with each other via line 198. Computer 194
may be any type of computer-based system that is capable
of directly or indirectly communicating with one or more
rapid manufacturing systems, and may include printer server
operations, 3D CAD environments, and client environments.

[0131] Computer 194 may receive CAD model 10 in the
initial spatial orientation from a variety of sources (e.g.,
network lines), or CAD model 10 may be generated in the
initial spatial orientation with computer 194. In either situ-
ation, computer 194 retains CAD model 10 in the initial
spatial orientation. Computer 194 then performs steps 16-20
of method 14 (shown above in FIG. 2), including any of the
suitable methods discussed above in FIGS. 3A-16, and
relays the generated build paths to rapid manufacturing
system 196 via line 198.

[0132] Rapid manufacturing system 196 is a system for
building 3D objects by one or more layer-based additive
techniques. Examples of suitable system for rapid manufac-
turing system 196 include fused deposition modeling sys-
tems (e.g., systems commercially available under the trade
designation “FDM” from Stratasys, Inc., Eden Prairie,
Minn.), ink jetting systems, selective laser sintering systems,
electron-beam melting systems, and stereolithographic sys-
tems.
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[0133] Once the generated build paths are received, rapid
manufacturing system 196 then builds a 3D object based on
CAD model 10 having an optimal spatial orientation in
coordinate system 12, based on the one or more criteria
selected. The optimized spatial orientation of CAD model 10
thereby improves build performance during the rapid manu-
facturing based on the one or more criteria selected.

[0134] Although the present invention has been described
with reference to preferred embodiments, workers skilled in
the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
invention.

1. A method for building one or more three-dimensional
objects, the method comprising:

providing a computer-aided design (CAD) model of a
three-dimensional object, the CAD model having an
initial spatial orientation in a coordinate system;

determining an optimal spatial orientation of the CAD
model in the coordinate system based on one or more
criteria.

2. The method of claim 1, further comprising selecting the
one or more criteria.

3. The method of claim 1, further comprising assigning
one or more criteria selected from the group consisting of a
relative weight, a threshold, and a combination thereof.

4. The method of claim 1, wherein the one or more criteria
are selected from the group consisting of reducing build
time, minimizing a required volume of support material to
build the three-dimensional object, improving surface finish
of the three-dimensional object, increasing part strength of
the three-dimensional object, reducing footprint size, reduc-
ing a height of the three-dimensional object, improving fill
patterns, obtaining user-specified orientations, improving
material selections, and combinations thereof.

5. The method of claim 1, wherein determining the
optimal spatial orientation comprises calculating a required
volume of support material for a plurality of spatial orien-
tations of the CAD model in the coordinate system.

6. The method of claim 1, wherein determining the
optimal spatial orientation comprises analyzing one or more
alternative spatial orientations of the CAD model in the
coordinate system based on the one or more criteria.

7. The method of claim 6, wherein the one or more
alternative spatial orientations are obtained by rotating the
CAD around at least one axis of the coordinate system.

8. The method of claim 1, wherein determining the
optimal spatial orientation comprises

rotating the CAD model to a plurality of spatial orienta-
tions within the coordinate system;

analyzing each of the plurality of spatial orientations
based on the one or more criteria to provide analyzed
results; and

comparing the analyzed results to identify the optimal
spatial orientation.
9. The method of claim 1, further comprising:

slicing the CAD model in the optimal spatial orientation
into a plurality of sliced layers;

generating build paths for the sliced layers; and
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building the three-dimensional object with a rapid manu-
facturing system based on the build paths.
10. The method of claim 1, further comprising:

providing a second CAD model of a second three-dimen-
sional object, the second CAD model having an initial
spatial orientation in the coordinate system;

determining an optimal spatial orientation of the second
CAD model in the coordinate system based on the one
or more criteria; and

determining updated optimal spatial orientations of the

first and the second CAD models in the coordinate

system based at least in part on the one or more criteria.

11. A method for building a three-dimensional object, the
method comprising:

aligning a plurality of primary axes of a CAD model of
the three-dimensional object with a vertical axis of a
coordinate system, thereby positioning the CAD model
in a plurality of axially-aligned orientations in the
coordinate system;

positioning the CAD model at stable orientations in the
coordinate system;

analyzing the CAD model in the stable orientations based
on one or more criteria to provide analyzed results.

comparing the analyzed results to identify an optimal
spatial orientation of the CAD model for the one or
more criteria.

12. The method of claim 11, wherein positioning the CAD
model at stable orientations comprises determining whether
the CAD model is stable at the axially-aligned orientations.

13. The method of claim 12, wherein positioning the CAD
model at stable orientations further comprises rotating the
CAD model from at least one of the axially-aligned orien-
tations to one of the stable orientations.

14. The method of claim 12, wherein positioning the CAD
model at stable orientations further comprises:

calculating a center of mass of the CAD model;

calculating a pivot axis based in part of the center of mass
for at least one of the axially-aligned orientations; and

rotating the center of mass of the CAD model around the
pivot axis.

15. The method of claim 11, wherein the one or more

criteria are selected from the group consisting of reducing

build time, minimizing a required volume of support mate-
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rial to build the three-dimensional object, improving surface
finish of the three-dimensional object, increasing part
strength of the three-dimensional object, reducing footprint
size, reducing a height of the three-dimensional object,
improving fill patterns, obtaining user-specified orientations,
improving material selections, and combinations thereof.

16. The method of claim 11, wherein the analyzing
comprises calculating a required volume of support material
for each of the one or more alternative spatial orientations.

17. A system for building a three-dimensional object
based on a CAD model of the 3D object, the system
comprising:

a computer configured to retain the CAD model in an
initial spatial orientation in a coordinate system,
wherein the computer is further configured to deter-
mine an optimal spatial orientation of the CAD model
in the coordinate system based on one or more criteria;
and

a rapid manufacturing system configured to communicate
with the computer and to build the three-dimensional
object based on the optimal spatial orientation of the
CAD model.

18. The system of claim 17, wherein the computer is
further configured to slice the CAD model in the optimal
spatial orientation into a plurality of sliced layers, and to
generate build paths for the sliced layers.

19. The system of claim 17, wherein the one or more
criteria are selected from the group consisting of reducing
build time, minimizing a required volume of support mate-
rial to build the three-dimensional object, improving surface
finish of the three-dimensional object, increasing part
strength of the three-dimensional object, reducing footprint
size, reducing a height of the three-dimensional object,
improving fill patterns, obtaining user-specified orientations,
improving material selections, and combinations thereof.

20. The system of claim 17, wherein the computer is
configured to determine the optimal spatial orientation by
calculating a required volume of support material for a
plurality of spatial orientations of the CAD model in the
coordinate system.

21. The system of claim 17, wherein the computer is
configured to determine the optimal spatial orientation by
analyzing one or more alternative spatial orientations of the
CAD model in the coordinate system based on the one or
more criteria.





