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(37) ABSTRACT

A compounding system for forming a customized consum-
able material, comprising a plurality of drive mechanisms
configured to feed stock materials at independent rates, and
an extrusion component configured to receive the fed stock
materials, and further configured to at least partially melt and
blend the received stock materials to provide the consumable
material in an extrudable state. Upon solidifying, the consum-
able material comprises customized characteristics based on

characteristics of the stock materials.
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CONSUMABLE MATERIALS HAVING
CUSTOMIZED CHARACTERISTICS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims priority to U.S. Provisional
Patent Application No. 61/219,612, filed on Jun. 23, 2009,
and entitled “Consumable Materials Having Customizable
Characteristics™, the disclosure of which 1s mncorporated by
reference 1n 1ts entirety.

BACKGROUND

[0002] Thepresent disclosurerelates to direct digital manu-
facturing systems for building three-dimensional (3D) mod-
¢ls. In particular, the present invention relates to the process-
ing of consumable matenals for use with digital
manufacturing systems, such as extrusion-based digital
manufacturing systems.

[0003] An extrusion-based digital manufacturing system
(c.g., tfused deposition modeling systems developed by
Stratasys, Inc., Eden Prairie, Minn.) 1s used to build a 3D
model from a digital representation of the 3D model 1n a
layer-by-layer manner by extruding a flowable consumable
modeling material. The modeling material 1s extruded
through an extrusion tip carried by an extrusion head, and 1s
deposited as a sequence of roads on a substrate in an x-y
plane. The extruded modeling material fuses to previously
deposited modeling material, and solidifies upon a drop 1n
temperature. The position of the extrusion head relative to the
substrate 1s then incremented along a z-axis (perpendicular to
the x-y plane), and the process 1s then repeated to form a 3D
model resembling the digital representation.

[0004] Movement of the extrusion head with respect to the
substrate 1s performed under computer control, in accordance
with build data that represents the 3D model. The build data 1s
obtained by mitially slicing the digital representation of the
3D model 1into multiple horizontally sliced layers. Then, for
cach sliced layer, the host computer generates a build path for
depositing roads of modeling material to form the 3D model.

[0005] In fabricating 3D models by depositing layers of a
modeling material, supporting layers or structures are typi-
cally built underneath overhanging portions or in cavities of
objects under construction, which are not supported by the
modeling material itself. A support structure may be built
utilizing the same deposition techniques by which the mod-
cling material 1s deposited. The host computer generates
additional geometry acting as a support structure for the over-
hanging or free-space segments of the 3D model being
formed. Consumable support material 1s then deposited from
a second nozzle pursuant to the generated geometry during
the build process. The support material adheres to the mod-
cling material during fabrication, and 1s removable from the
completed 3D model when the build process 1s complete.

[0006] Typically, manufacturers of consumable modeling
and support materials for use in digital manufacturing sys-
tems only provide modeling materials in a limited number of
colors and other characteristics. This limitation 1s primarily
due to the costs that are required to provide large selections of
materials. However, there 1s an increasing demand for mod-
cling materials having a wide range of colors and other char-
acteristics for use in building 3D models. Thus, there 1s an
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ongoing need to provide users with solutions to build 3D
models with a wide variety of optical and compositional
characteristics.

SUMMARY

[0007] A first aspect of the present disclosure 1s directed to
a compounding system for forming a consumable matenal.
The compounding system includes a controller configured to
operably receive a user mput related to one or more user-
selected material characteristics, and a plurality of drive
mechanisms configured to operably communicate with the
controller, and further configured to feed a plurality of stock
maternals at independent feed rates that are determined based
at least 1in part upon the user mnput. The compounding system
also 1mcludes an extrusion component configured to recerve
the plurality of fed stock materials, and turther configured to
at least partially melt and blend the received stock materials to
provide the customized consumable material 1n an extrudable

state, wherein upon solidifying the customized consumable
material exhibits the one or more user-selected material char-

acteristics.

[0008] Another aspect of the present disclosure 1s directed
to a method for forming a customized consumable material
filament. The method includes recerving a plurality of stock
material filaments, where at least one of the stock material
filaments has average dimensions that are within dimensional
specifications for a digital manufacturing system. The
method also includes recerving a user iput related to one or
more user-selected material characteristics, determiming,
independent feed rates for at least two of the stock material
filaments based at least in part upon the user input, feeding the
at least two stock material filaments to an extrusion compo-
nent based on the determined independent feed rates, and at
least partially melting and blending the fed stock material
filaments 1n the extrusion component. The method further
includes extruding the blended materials to provide the cus-
tomized consumable material filament, where upon solidify-
ing, the customized consumable material filament exhibits
the one or more user-selected material characteristics and
average dimensions that are within the dimensional specifi-
cations for the digital manufacturing system.

[0009] Another aspect of the present disclosure 1s directed
to a method for forming a consumable material. The method
includes at least partially melting a plurality of stock materi-
als 1n an extrusion component, blending the at least partially
melted materials 1n the extrusion component, extruding the
blended materials from the extrusion component as the con-
sumable material, and solidifying the extruded consumable
material. The method also includes feeding the plurality of
stock materials to the extrusion component at independent
rates that provide at least one optical characteristic for the
solidified consumable material that 1s based on optical char-
acteristics of the plurality of stock materials, and that provide
at least one compositional characteristic for the solidified
consumable material that 1s based on compositional charac-
teristics of the plurality of stock materials.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 1s a front view of an extrusion-based digital
manufacturing system 1n use with a compounding system.

[0011] FIG. 2 1s an expanded schematic illustration of the
compounding system.
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[0012] FIG. 3 1s an expanded schematic 1llustration of an
extrusion component of the compounding system.

[0013] FIG. 4 1s a schematic 1llustration of an alternative
take-up spool arrangement, which accounts for variations in
material consumption rates.

[0014] FIG.S1sanexpanded schematic 1llustration of a first
alternative compounding system, which includes a sensor for
implementing a process control loop.

[0015] FIG. 6 1s an expanded schematic illustration of a
second alternative compounding system, which 1s suitable for
investment casting processes.

DETAILED DESCRIPTION

[0016] The present disclosure 1s directed to consumable
materials that exhibit customized characteristics, and a com-
pounding system for forming the consumable materials. As
discussed below, the compounding system allows a user to
select at least one customized characteristic for a consumable
materal, and the compounding system then blends appropri-
ate amounts of two or more stock materials to form the con-
sumable material exhibiting the desired customized charac-
teristics. The formed consumable material may then be used
in a digital manufacturing system to build 3D models and/or
support structures having qualities based on the desired cus-
tomized characteristics. The compounding system also
allows a wide variety of customized characteristics to be
obtained from a relatively small number of different stock
matenals, thereby reducing costs required to pre-manufac-
ture the different stock materials.

[0017] Examples of suitable customized characteristics for
the consumable matenals of the present disclosure include
optical characteristics, compositional characteristics, and
combinations thereof. As used herein, the term “optical char-
acteristic”’, with reference to a material, refers to one or more
properties based on the interaction of light with the material.
Examples of optical characteristics for a material include
reflected colors (e.g., hues, saturation, and brightness), trans-
mitted colors (e.g., hues, saturation, and brightness), opales-
cence (e.g., between clear and high scattering), glossiness
(e.g., between glossy and matte appearances), and the like. As
used herein, the term “compositional characteristic”, with
reference to a material, refers to one or more properties based
on the chemical composition of the material. Examples of
compositional characteristics for a maternial include surface
energy (e.g., tacky and slippery), density, flexibility, brittle-
ness, softness, impact strength, electrical conductiveness,
thermal conductiveness, and the like. The terms optical char-
acteristic and compositional characteristic are distinguished
from purely dimensional characteristics, such as geometric
shapes (e.g., a diameter of a filament).

[0018] The following discussion of consumable materials
1s made with reference to “modeling materials” having cus-
tomized characteristics, since consumers are generally more
concerned about the aesthetic and physical qualities of the
intended 3D models, and are less concerned about such quali-
ties of the “support materials” used to form support struc-
tures, which are typically removed and discarded. However,
the compounding systems of the present disclosure may also
be used to form “support materials” having customized char-
acteristics 1n the same manner. Thus, the term “consumable
material” may apply to a modeling material and to a support
material.

[0019] FIG.1 shows system 10 1n use with compounder 12,
where system 10 1s a digital manufacturing system for build-
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ing 3D models, and compounder 12 1s a compounding system
that provides modeling maternials to system 10 that may
exhibit customizable characteristics, such as optical and com-
positional characteristics. Examples of suitable systems for
system 10 1include extrusion-based digital manufacturing sys-
tems, such as fused deposition modeling systems developed
by Stratasys, Inc., Eden Prairie, Minn. As shown, system 10
includes build chamber 14, platen 16, gantry 18, extrusion
head 20, and supply source 22. Build chamber 14 1s an
enclosed environment that contains platen 16, gantry 18, and
extrusion head 20 for building a 3D model (referred to as 3D
model 24) and a corresponding support structure (referred to
as support structure 26). As discussed below, 3D model 24
may be built with a modeling maternial obtained from com-
pounder 12, thereby allowing 3D model 24 to exhibit cus-
tomizable characteristics.

[0020] Platen 16 1s a platform on which 3D model 24 and
support structure 26 are built, and desirably moves along a
vertical z-axis based on signals provided from a computer-
operated controller (referred to as system controller 28). Gan-
try 18 1s a guide rail system that 1s desirably configured to
move extrusion head 20 in a horizontal x-y plane within build
chamber 14 based on signals provided from controller 28.
The horizontal x-y plane 1s a plane defined by an x-axis and a
y-axis (not shown in FIG. 1), where the x-axis, the y-axis, and
the z-axis are orthogonal to each other. In an alternative
embodiment, platen 16 may be configured to move 1n the
horizontal x-y plane within build chamber 14, and extrusion
head 20 may be configured to move along the z-axis. Other
similar arrangements may also be used such that one or both
of platen 16 and extrusion head 20 are moveable relative to
cach other.

[0021] Extrusion head 20 1s supported by gantry 18 for
building 3D model 24 and support structure 26 on platen 16 in
a layer-by-layer manner, based on signals provided from con-
troller 28. In the embodiment shown in FIG. 1, extrusion head
20 1s a dual-tip extrusion head configured to deposit the
modeling material from compounder 12 and a support mate-
rial from supply source 22. Examples of suitable extrusion
heads for extrusion head 20 include those disclosed 1n LaBos-
siere, et al., U.S. Patent Application Publication Nos. 2007/
0003656 and 2007/00228590; and Leavitt, U.S. Patent Appli-
cation Publication No. 2009/00354035. Alternatively, system
10 may include one or more two-stage pump assemblies, such
as those disclosed 1in Batchelder et al., U.S. Pat. No. 5,764,
521; and Skubic et al., U.S. Patent Application Publication
No. 2008/0213419. Furthermore, system 10 may include a
plurality of extrusion heads 18 for depositing modeling and/
or support maternals.

[0022] The customized modeling material 1s supplied to
extrusion head 20 from compounder 12 via feed line 30
(represented by arrow 32), thereby allowing extrusion head
20 to deposit the customized modeling material to build 3D
model 24. Correspondingly, the support material 1s supplied
to extrusion head 20 from supply source 22 via feed line 34
(represented by arrow 36), thereby allowing extrusion head
20 to deposit the support material to build support structure
26. During a build operation, gantry 18 moves extrusion head
20 around 1n the horizontal x-y plane within build chamber
14, and one or more feed mechanisms (not shown) are
directed to intermittently feed the modeling and support
materials through extrusion head 20 from compounder 12 and
supply source 22, respectively. The recerved modeling and
support materials are then deposited onto platen 16 to build
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3D model 24 and support structure 26 using a layer-based
additive technique. Support structure 22 1s desirably depos-
ited to provide vertical support along the z-axis for overhang-
ing regions ol the layers of 3D model 24. This allows 3D
object 24 to be built with a variety of geometries. After the
build operation 1s complete, the resulting 3D model 24/sup-
port structure 26 may be removed from build chamber 14, and
support structure 26 may be removed from 3D model 24.

[0023] Compounder 12 includes housing 38, which corre-
spondingly includes a plurality of recerving bays (e.g., bays
40a-40c¢) configured to recetve a plurality of stock materials
(e.g., 1 cassettes 42a-42c¢). The stock materials may be pro-
vided to compounder 12 in a variety of different media. For
example, the stock materials may be provided as continuous
fillament strands fed from spool assemblies and/or containers.
Suitable spool assemblies for providing continuous filament
strands of the stock materials include those disclosed in Dah-

linetal., U.S. Pat. No. 6,022,207 and Taatjes et al., U.S. Patent
Application Publication No. 2010/0096489. Suitable con-
tainers (e.g., cassettes and cartridges) for providing continu-
ous filament strands of the stock materials include those dis-

closed in Swanson et al., U.S. Pat. No. 6,923,634; Comb et al.,
U.S. Pat. No. 7,122,246; and Taatjes et al., U.S. Patent Appli-
cation Publication No. 2010/00964835.

[0024] As discussed below, under the direction of a second
controller (e.g., a computer-operated controller, referred to as
compounder controller 44), compounder 12 may blend
appropriate amounts of the stock materials to form a model-
ing material that exhibits desired customized characteristics,
such as desired optical characteristics and/or desired compo-
sitional characteristics. Additionally, the modeling material
provided to system 10 desirably exhibits dimensions that are
within the dimensional specifications for system 10. as used
herein, the phrase “within dimensional specifications for a
digital manufacturing system”, and the like, with respect to
the dimensions of a consumable material, refers to dimen-
s10ons that substantially meet the dimensional tolerance speci-

fications for building a 3D model with the consumable mate-
rial 1n the respective digital manufacturing system.

[0025] Diagital manufacturing systems, such as fused depo-
sition modeling systems developed by Stratasys, Inc., Eden
Prairie, Minn., typically require modeling materials that meet
tight dimensional tolerances due to the precision required in
building 3D models with layer-based additive techniques. As
such, 1n addition to blending appropriate amounts of the stock
materals to attain the desired optical and compositional char-
acteristics, compounder 12 also desirably feeds appropriate
amounts of each stock material such that the resulting mod-
cling material has dimensions that are usable by system 10.

[0026] Furthermore, in the embodiment shown 1n FIG. 1,
compounder 12 may be secured to system 10 to function as a
supply source of the modeling material during a build opera-
tion. In this embodiment, compounder 12 may be operated in
a continuous manner to supply the customized modeling
material to system 10 while system 10 deposits the modeling
material to build 3D model 24. The engagement between
system 10 and compounder 12 also desirably provides amois-
ture barrier to reduce the risk of exposing the formed model-
ing material to humid air. In some embodiments, compounder
12 may be removably engagable with system 10 to allow
system 10 to also be operated without the use of compounder
12 (e.g., with standard modeling materials). In an alternative
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embodiment, compounder 12 may be operated as a stand-
alone system that forms the modeling material for subsequent
use 1n system 10.

[0027] As discussed above, the combination of com-
pounder 12 with system 10 allows a user to build 3D models
(e.g., 3D model 24) having desired customized characteris-
tics, while also reducing the number of different stock mate-
rials that are required to be manufactured. This allows a
limited number of stock materials to be manufactured for use
with compounding systems (e.g., compounder 12), where
cach of the stock materials may exhibit a unique set of mate-
rial properties, such as a different optical characteristic and/or
a different compositional characteristic. For various uses, the
stock materials may exhibit different base color components,
different levels of transparency and/or translucency, different
levels of glossiness and/or retlectiveness, different chemical
modifiers, and combinations thereof. Compounder 12 may
then use two or more of the stock materials to obtain modeling
materials having a large number of customized characteristics
based on the optical and compositional characteristics of the
stock materials.

[0028] FIG. 2 1s an expanded view of compounder 12,
where, 1n the shown embodiment, the stock materials are
provided to compounder 12 1n filament form. The filament 1s
a convenient media for feeding the stock materials to com-
pound 12, as well as being directly usable as a modeling
material 1 system 10 1 compounding i1s not required. As
shown, compounder 12 also includes a plurality of gwmde
tubes (e.g., guide tubes 46a-46¢), a plurality of drive mecha-
nisms (€.g., drive mechanisms 48a-48¢), extrusion compo-
nent 50, catch plate 52, and take-up spool 54, each of which
reside within the interior region of housing 38 (referred to as
interior region 56).

[0029] Guide tubes 46a-46c¢ direct filaments of the stock
materials from cassettes 42a-42¢ to drive mechanisms 48a-
48c¢, respectively. Drive mechanisms 48a-48c communicate
with compounder controller 44 via communication line 58,
which allows compounder controller 44 to independently
direct the operation of each of drive mechanisms 48a-48c¢. As
discussed above, this allows the appropriate amounts of each
stock material to be selectively fed to extrusion component 50
at rates that may be independent of each other. Extrusion
component 30 1s configured to melt and blend the recerved
stock materials, and to extrude the resulting blended matenals
as modeling material filament 60 1n an extrudable state. As
shown 1n FIG. 2, upon exiting extrusion component 30, fila-
ment 60 may solidity and loop up to take-up spool 54, where
it may be collected and/or relayed to system 10 (shown 1n
FIG. 1) via exat orifice 62 1n housing 38.

[0030] During start up of compounder 12, a user may 1nput
the desired customized characteristic(s) (e.g., optical and/or
compositional characteristics) into compounder 12 (e.g., via
compounder controller 44) and load the appropnate stock
matenals (e.g., cassettes 42a-42¢) mto bays 40a-40c¢, respec-
tively. The appropriate amounts of each stock material 1s then
fed to extrusion component 30, melted and blended, and
extruded as filament 60 downward toward catch plate 52.
Prior to reaching a steady state flow, filament 60 may exhibit
dimensional variations (e.g., variations 1n the filament diam-
cter). As such, the mitial portion of filament 60 may be col-
lected on catch plate 52. When a steady state flow 1s reached,
the 1nitial portion of filament 60 may be cut from the remain-
ing portion of filament 60 and recycled or discarded. As
filament 60 continues to extrude from extrusion component
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50, the remaiming portion of filament 60 may be looped
around take-up spool 54 and relayed to system 10 via exat
orifice 62, as the modeling material.

[0031] The length of filament 60 between extrusion com-
ponent 50 and take-up spool 54 1s desirably great enough to
allow filament 60 to substantially or entirely solidify before
reaching take-up spool 34, while also desirably remaining
below the elastic strain limit of the extrudate matenial (e.g.,
about 0.2% strain). The solidification period for filament 60 1s
dependent on several factors, such as the temperature of 1nte-
rior region 56, the temperature of filament 60, and the extru-
sion rate of filament 60. For example, a filament having a
diameter of about 1.8 millimeters (about 70 mils) and formed
from thermoplastic stock materials (e.g., acrylonitrile-buta-
diene-styrene (ABS)), within interior region 56 having a tem-
perature of about 25° C., will require less than about eight
minutes to solidity. Thus, the loop of filament 60 desirably
provides a suitable length to allow a residence time within
interior region 56 of least about eight minutes, and more
desirably at least about fifteen minutes.

[0032] Suitable steady-state extrusion rates of filament 60
from extrusion component 50 may vary, and desirably match
the rate of modeling material consumption in system 10.
Examples of suitable steady-state extrusion rates of filament
60 from extrusion component 30 range from about 1.3 milli-
meters/second (about 0.05 inches/second) to about 50 milli-
meters/second (about 2.0 inches/second), with particularly
suitable rates ranging from about 2.5 millimeters/second
(about 0.1 inches/second) to about 25 millimeters/second
(about 1.0 inch/second), and with even more particularly
suitable rates ranging from about 2.5 millimeters/second

(about 0.1 inches/second) to about 13 millimeters/second
(about 0.5 inches/second).

[0033] Interior region 356 1s desirably maintained at a low
humidity level to reduce the absorption of water into filament
60. As such, compounder 12 may include desiccant packs
(not shown) within interior region 56 and/or may blow dry air
through interior region 56 to maintain a dry environment.
This, 1n combination with the extrusion process within extru-
s1ion component 30, which tends to drive out water, allows the
resulting filament 60 to maintain a low moisture content (e.g.,
less than about 700 parts-per-million by weight). Further-
more, the engagement between system 10 and compounder

12 at exat orifice 62 may 1nclude a moisture barrier, as dis-
cussed above.

[0034] Uponcooling, filament 60 desirably exhibits dimen-
sions that are within the dimensional specifications for sys-
tem 10. In embodiments in which system 10 1s an extrusion-
based digital manufacturing system, such as fused deposition
modeling systems developed by Stratasys, Inc., Eden Prairie,
Minn., suitable average diameters for filament 60 range from
about 1.3 millimeters (about 50 mils) to about 3 millimeters
(about 120 mils), with particularly suitable average diameters
ranging from about 1.5 millimeters (about 60 mils) to about
2.0 millimeters (about 80 mils), and with even more particu-
larly suitable average diameters ranging from about 1.6 mil-
limeters (about 65 mils) to about 1.9 millimeters (about 75
mils).

[0035] Additionally, filament 60 desirably exhibits limited
dimensional variations over the length of filament 60.
Examples of suitable diameter variations include root-mean-
square variations of about 12 micrometers (about 0.5 mils) or
less, with particularly suitable root-mean-square variations of
about 8 micrometers (about 0.3 mils) or less. Moreover, suit-
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able peak-to-peak variations along the length of filament 60
includes variations of about 250 micrometers (about 10 mils)
or less, with particularly suitable variations of about 150
micrometers (about 6 mils) or less. As used herein, the root-
mean-square variations and peak-to-peak variations are mea-
sured pursuant to a filament segment having a length of 30.5
meters (100-teet). Compounder 12 may also include addi-
tional components to assist 1n obtaining dimensions for fila-
ment 60 that are within the dimensional specifications for

system 10. Suitable additional components include those dis-
closed 1n Comb et al., U.S. Pat. Nos. 6,866,807 and 7,122,

246.

[0036] Insome embodiments, the stock materials may also
exhibit dimensions that are within the dimensional specifica-
tions for system 10. In these embodiments, a given stock
material may be directly used with system 10 to build 3D
models having the desired characteristics of the given stock
material. Examples of suitable dimensions (e.g., diameters)
for the stock matenials include the average diameters, diam-
eter variations, and peak-to-peak variations for each of the
stock materials include those discussed above for filament 60.
Accordingly, filament 60 may be extruded from stock mate-
rials having substantially the same dimensions as filament 60,
while attaining customized characteristics of filament 60 are
based on the characteristics (e.g., optical and compositional
characteristics) of the stock materials.

[0037] In alternative embodiments 1n which the filaments
exhibitnon-cylindrical geometries, examples of suitable non-
cylindrical filaments 1nclude those disclosed 1n Batchelder et
al., U.S. patent application Ser. No. 12/612,333. In these
embodiments, the non-cylindrical filaments desirably exhibit
dimension that are within the dimensional specifications for
the corresponding system, such as those disclosed 1n Batch-
clder et al., U.S. patent application Ser. No. 12/612,329.

[0038] FIG. 3 1s an expanded schematic illustration of the
exemplary extrusion component 30 1 use with guide tubes
46a-46¢ and drive mechanisms 48a-48c. As shown, guide
tubes 46a-46¢ are desirably arranged to direct the filaments of
the stock maternials to drive mechanisms 48a-48¢. Drive
mechanisms 48a-48c¢ each include a pair of wheels that are
configured to engage with a filament of one of the stock
materials, thereby allowing the stock matenals to be fed inde-
pendently of each other. Examples of suitable drive mecha-

nisms for each of drive mechanisms 48a-48¢ include those
disclosed in Swanson et al., U.S. Pat. No. 7,169,337; L.aBos-

siere et al., U.S. Pat. No. 7,384,255; and LaBossiere et al.,
U.S. Patent Application Publication No. 2007/02283590. The
pair of wheels are rotatably supported by base block 64, and
at least one of the wheel pairs 1s desirably motor driven under
the direction of compounder controller 44 (shown in FIGS. 1
and 2) to selectively feed successive portions of the stock
materal to extrusion component 50.

[0039] Extrusion component 50 includes guide manifold
66 and liquefier 68, where guide manifold includes a plurality
of channels (e.g., channels 70a-70c¢) for guiding the recerved
fillaments from drive mechanisms 48a-48c¢ to liquefier 68. A
plurality of mlet tubes (e.g., inlet tubes 72a-72¢) may also be

used to assist in guiding the filaments from drive mechanisms
48a-48c¢ 1nto channels 70a-70c.

[0040] It 1s noted that while the above-discussed examples
for compounder 12 illustrate the use of three stock materials,
compounder 12 may be arranged for use with any number of
different stock materials. Suitable numbers of different stock
materials for use with compounder 12 include at least two,
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with particularly suitable numbers ranging from two to
twenty, and with even more particularly suitable numbers
ranging {rom three to ten. For example, for optical character-
istics, the different stock materials may be based on red-
green-blue (RGB) color components, cyan-magenta-yellow
key (black) (CMYK) color components, cyan-magenta-yel-
low key (black)-orange-green (CMYKOG) color compo-
nents, Neugebauer primaries, transparency and translucency
variants, glossiness and retlectiveness variants, and the like.
Correspondingly, for compositional characteristics, the dii-
ferent stock materials may include additives that provide the
desired compositional characteristics.

[0041] For each different stock material used, compounder
12 desirably includes at least one corresponding bay for
receiving the stock material (e.g., bay 40a), at least one guide
tube (e.g., guide tube 464), at least one drive mechanism (e.g.,
drive mechanism 48a), and at least one channel 1n the guide
manifold (e.g., channel 70a). Additionally, in some embodi-
ments, compounder 12 may include two bays for each stock
material, thereby allowing supplies of a given stock material
(e.g., cassettes 42a) to be interchangeably used. This allows
the continuous process to be maintained when a given cas-
sette runs out of stock matenal.

[0042] Liquefier 68 includes mounting flange 74, liquefier
case 76, thermal block 78, mixer 80, and extrusion tip 82.
Mounting flange 74 1s the portion of liquefier 68 that 1s secur-
able to guide manifold 66 (e.g., via bolts 84), and 1s secured
adjacent to the inlet end of liquetier case 76. Liquetier case 76
1s a conductive tube (e.g., metallic tube) that conducts thermal
energy to the recerved stock materials, thereby (at least par-
tially) melting the stock materials. Thermal block 78 1s a
heat-producing component that extends around liquefier case
76 to conduct thermal energy to liquefier case 76, thereby
providing a thermal profile along the longitudinal length of
liquetier case 76. As discussed below, thermal block 78 may
be removed from liquetfier case 76 to allow thermal block 78
to be interchangeably secured to multiple liquefier cases 76.
For example, thermal block 78 may be clampable around, or
slidable onto, liquefier case 76.

[0043] Mixer 80 1s a mixing component located within
liquetier case 76 for blending the molten stock matenals. As
shown, mixer 80 desirably extends at least partially along the
longitudinal length of liquefier case 76, and may be an active
mixer (e.g., viscosity pumps and twin-screw extruders) or a
passive mixer (e.g., double corkscrew arrangements).
Examples of suitable passive mixers having double cork-
screw arrangements include those disclosed 1n Wheatcrafit et
al., U.S. Patent Application Publication No. 2007/0289996,
where the components are desirably fabricated from materi-
als capable of withstanding the elevated temperatures of 11g-
uelier case 76. Extrusion tip 82 1s secured to the outlet end of
liquetier case 76, and desirably has a diameter that allows
filament 60 (shown in FIG. 2) to exhibit dimensions upon
cooling that are within dimensional specifications for system
10 (shown 1n FIG. 1). In alternative embodiments in which the
filaments are non-cylindrical filaments, extrusion tip 82 may
exhibit suitable dimensions for extruding the filaments hav-
ing the desired non-cylindrical geometries.

[0044] During a compounding operation, thermal block 78
heats liquefier casing 76 to a desired temperature to melt the
stock materials. Drive mechanisms 48a-48¢ selectively feed
successive portions of the filaments of the stock materials into
channels 70a-70c, respectively. Accordingly, the rates at
which the filaments are fed into channels 70a-70c may be

Dec. 30, 2010

independent of each other, based on commands from com-
pounder controller 44. The filaments exit channels 70a-70c¢
into a thermal transition zone of liquefier casing 76, located
adjacent the inlet end of liquefier casing 76 (referred to as
zone 86). The elevated temperature of liquefier casing 76
conductively heats the received filaments to melt the stock
materials to blendable and extrudable states. The unmelted
portions of the stock matenal filaments function as pistons to
force the melted portions into mixer 80.

[0045] As the molten materials move through mixer 80,
they are sheared and folded, thereby blending the materials to
a substantially homogenous state. In particular, the matenals
are desirably blended until the resulting mixture i1s substan-
tially homogenous to the naked eye, even when 3D model 24
(shown 1 FIG. 1) 1s post-processed (e.g., sanded, tapped,
machined, vapor smoothed, media blasted, and the like). The
mixture then exits extrusion tip 82 as filament 60 1n an extrud-
able state, as discussed above. Upon cooling and soliditying,
the homogenous mixture provides the desired customized
characteristic for filament 60, which 1s based on the charac-

teristics (e.g., optical and compositional characteristics) of
the blended stock matenials.

[0046] When the compounding operation 1s completed or
when the user otherwise wishes to switch the desired custom-
1zed characteristics of filament 60, compounder controller 44
may direct drive mechanisms 48a-48c¢ to feed the stock mate-
rials at new rates (diflerent from the previous rates), indepen-
dently of each other, to form filament 60 exhibiting the newly
desired customized characteristic. Alternatively, 11 the newly
desired customized characteristic 1s unattainable with the
present stock materials, the user may remove the current
stock materials and feed the appropriate stock matenals to
extrusion component 50. In either case, the new stock mate-
rials eventually purge the previous materials from liquefier
68, thereby allowing the resulting filament 60 to exhibit the
newly desired customized characteristic.

[0047] In an alternative embodiment, after a compounding
operation 1s completed, liquefier 68 may be removed from
guide manifold 66 and replaced with a clean liquetier 68. This
embodiment 1s beneficial for reducing the changeover time
that 1s otherwise required to purge the previous material from
liquetier 68, particularly 1n the region of mixer 80. Accord-
ingly, thermal block 68 may be removed from liquetier case
78, and the remaining portion of liquefier 68 may be unse-
cured from guide manifold 66. A clean liquefier 68 may then
be secured to guide manifold 66 (e.g., with bolts 84), thermal
block 78 may be secured around the clean liquefier case 78,
and the new compounding operation may start up, as dis-
cussed above. The previous liquefier 68 may then be subse-
quently reused for forming a filament 60 with the previous
customized characteristic, or cleaned for subsequent use.

[0048] In various embodiments, compounder 12 may be
operated 1n an automated manner and/or manually. For
example, 1n an automated operation, compounder controller
44 may include pre-programmed operating instructions for
forming consumable materials having a variety of different
customized characteristics, where the instructions may be
stored on one or more computer-storage media. In this
embodiment, a user may 1mput one or more desired custom-
1zed characteristics and load the appropriate stock materials
into bays 40a-40c. Compounder controller 44 may then,
based on the operating instructions, determine the rates at
which to feed the stock materials to extrusion component 50.
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[0049] For example, i1 the user desires filament 60 to have
a green color, stock materials having blue and yellow colors
may be supplied to bays 40a and 405, as discussed above. The
user may then mnput the particular shade of green to com-
pounder 12 and/or compounder controller 44 (or other com-
puter-based system). Compounder controller 44 may then,
pursuant to the operating instructions, direct drive mecha-
nism 48a and 485 to feed the stock materials from bays 40a
and 405 at predetermined rates to attain the desired shade of
green for filament 60.

[0050] For a pure-green shade, drive mechanisms 48a and
480 may feed the respective feedstock materials at substan-
tially the same rates (in embodiments 1 which the stock
materials have substantially the same cross-sectional areas).
Alternatively, 1 the user desired an aqua/cyan color for fila-
ment 60, compounder controller 44 may direct drive mecha-
nism 48a to feed the blue stock material at a rate that 1s greater

than the feed rate of the yellow stock material by drive mecha-
nism 48b.

[0051] Inanother example, 11 the user desires filament 60 to
have a particular compositional characteristic, such as a par-
ticular rheology that 1s not available with any of the stock
materials, the user may load suitable stock materials to bays
40a and 405 (and, 1n some situations, bay 40¢). The user may
then 1nput the particular rheology to compounder 12 and/or
compounder controller 44 (or other computer-based system).
Compounder controller 44 may then, pursuant to the operat-
ing 1instructions, direct two or more of drive mechanisms
48a-48¢ to feed the stock materials from bays 40a-40c¢ at
independent and predetermined rates to attain the desired
rheology for filament 60.

[0052] In yet another example, i1 the user desires filament
60 to have a particular optical characteristic and a particular
compositional characteristic, such as a particular shade of
green and a particular rheology, that are not available with any
of the stock materials, the user may load suitable stock mate-
rials to bays 40a, 405, and/or 40c¢. The user may then input the
particular optical and compositional characteristics to com-
pounder 12 and/or compounder controller 44 (or other com-
puter-based system). Compounder controller 44 may then,
pursuant to the operating instructions, direct two or more of
drive mechanisms 48a-48¢ to feed the stock materials from
bays 40a-40¢ at independent and predetermined rates to
attain the desired shade of green and rheology for filament 60.

[0053] Accordingly, compounder 12 may be used to form
filaments having a variety of different customized character-
istics 1n an automated manner. Alternatively, a user may
manually enter the independent drive rates of one or more of
drive mechanisms 48a-48c¢. For example, a user may rely on
an external reference (e.g., a chart) for compounder 12 that
instructs the user to manually select the independent drive
rates to attain filament 60 with the desired customized char-
acteristics.

[0054] FIG. 4 1s a schematic 1llustration of an alternative
arrangement to take-up spool 34, which accounts for varia-
tions 1n the rates that system 10 (shown 1n FIG. 1) consumes
the modeling material during a build operation to build 3D
model 24 (shown 1n FIG. 1). As discussed above, the steady-
state extrusion rate of filament 60 desirably matches the rate
of modeling material consumption 1n system 10. However,
the rates of consumption in system 10 may vary during the
build operation. To compensate for these consumption rate
variations, compounder 12 may further include tloating-axis
pulley 88 and fixed axis pulley 90, where floating-axis pulley
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88 1s configured to move vertically along a track 1n housing 38
(referred to as track 92). Upon leaving take-up spool 34,
filament 60 winds below floating-axis pulley 88 and over
fixed-axis pulley 90 before leaving compounder 12 via exit

orifice 62 (shown in FIG. 2).

[0055] Floating-axis pulley 88 1s a weighted roller that 1s
lowered downward along track 92 (represented by arrow 94)
when the consumption rate of filament 60 by system 10 1s
lower than the rate that filament 60 1s formed 1n compounder
12. This increases the supply of filament 60 within com-
pounder 12 until the consumption rate by system 10
increases. When the consumption rate of filament 60 by sys-
tem 10 1s greater than the rate that filament 60 1s formed 1n
compounder 12, floating-axis pulley 88 1s then raised upward
along track 92 (represented by arrow 96). This arrangement
varies the length of filament 60 within housing 38 and func-
tions as a buller to compensate for the consumption rate
variations in system 10 while compounder 12 continues to
form filament 60 at the steady-state extrusion rate. In addi-
tional alternative embodiments, compounder 12 may also
include additional numbers of tloating and fixed-axis pulleys
to provide a greater level of bullering.

[0056] FIG. 5 1s an expanded view of compounder 112,
which 1s an alternative to compounder 12 (shown 1n FIGS.
1-3), where the respective reference labels are increased by
“100”. As shown, compounder 112 further includes sensor
197 and communication line 198, where sensor 197 1s desir-
ably an optical and/or a contact sensor configured to detect the
optical, compositional, and/or dimensional characteristics of
filament 160 as filament 160 1s extruded from compounder
component 150. Information relating to the optical, compo-
sitional, and dimensional characteristics of filament 160 may
be relayed to compounder controller 144 via communication
line 198. This embodiment i1s beneficial for providing real-
time detection of the optical, compositional, and/or dimen-
sional characteristics of filament 160, thereby allowing com-
pounder controller 144 to vary the drive rates of one or more
of drive mechamisms 148a-148¢ pursuant to a process control
loop.

[0057] FIG. 6 1s an expanded view of compounder 212,
which 1s another alternative to compounder 12 (shown in
FIGS. 1-3), where the respective reference labels are
increased by “200”. As shown, compounder 212 1s suitable
for use 1n an mvestment casting process, where filament 260
1s deposited into mold 300 to form a desired model 302 1n an
interior cavity of mold 300 (referred to as interior cavity 304).
This provides the desired model 302 with dimensions based
on the geometry of interior cavity 304, and customized char-
acteristics based on the characteristics of the stock materials.
In this embodiment, interior region 256 1s desirably heated to,
and maintained at, one or more temperatures that are above
the solidification temperature of the blended modeling mate-
rial of filament 260. This allows the modeling material to
substantially fill interior cavity 304 before solidifying, and
reduces the risk of mechanically distorting (e.g., curling)
model 302 upon solidifying within interior cavity 304.

[0058] Mold 300 may be fabricated using a variety of mold-
ing techniques, and using a variety of materials that are
capable of withstanding the elevated temperature of interior
region 256. In one embodiment, mold 300 1s a 3D model
and/or a support structure fabricated in a digital manufactur-
ing system (e.g., system 10). Suitable techniques for this
investment casting process include those disclosed in Crump

et al., U.S. Pat. No. 7,125,512; Priedeman, Jr. et al., U.S. Pat.
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No. 7,255,821; and Zinniel et al., U.S. Pat. Nos. 7,236,166
and 7,502,023, This process allows 3D models (e.g., model
302) to be based on individualized CAD models, while reduc-
ing the overall build time by bulk filling imterior cavity 304 of
mold 300 with the modeling material of filament 260.

[0059] Accordingly, in this embodiment, mold 300 may be
built 1n a layer-by-layer manner with a high-temperature
modeling material (e.g., polycarbonates and polyphenylsul-
fones), which 1s capable of withstanding the elevated tem-
perature of interior region 256. Once fabricated, mold 300
may undergo one or more post-processing operations (e.g.,
support structure removal and vapor smoothing). When
ready, mold 300 may be placed on platform 306 located below
extrusion component 250 within interior region 2356, and
interior region 256 may then be heated to the desired tem-
perature. In one embodiment, a vacuum may also be pulled
within 1nterior region 256 to reduce the risk of incurring air
pockets within interior cavity 304.

[0060] The stock maternials may then be fed to extrusion
component 250, where they are melted and blended, and
extruded into interior cavity 304 as filament 260. In this
embodiment, filament 260 may exhibit dimensions that are
substantially larger than filaments 60 and 160 (shown in
FIGS. 2 and 5), thereby allowing interior cavity 304 to be bulk
filled at a rate that 1s greater than the extrusion rates of fila-
ments 60 and 160. Examples of suitable stead-state extrusion
rates for filament 260 from extrusion component 250 range
from about 2.5 millimeters/second (about 0.1 inches/second)
to about 510 millimeters/second (about 20.0 inches/second),
with particularly suitable rates ranging from about 13 milli-
meters/second (about 0.5 1nch/second) to about 250 millime-
ters/second (about 10 inches/second), and with even more
particularly suitable rates ranging from about 13 millimeters/
second (about 0.5 inches/second) to about 130 millimeters/
second (about 5.0 inches/second).

[0061] The extrusion rate of filament 260 desirably main-
tains a low 1njection pressure against mold 300 to reduce the
risk of damaging mold 300 during the filling process (e.g.,
less than about 50 pounds/inch?®). After interior cavity 304 is
filled with the modeling material of filament 260, the tem-
perature of interior region 256 may be slowly reduced to
solidify model 302. Upon solidification, mold 300 may be
removed from model 302, thereby providing the desired 3D
model 302 based on the intended CAD model, and having
optical and compositional characteristics based on the optical
and compositional characteristics of the stock materials.

[0062] The above-discussed stock material for use 1n com-
pounders 12, 112, and 212 may be extruded into filament
form from any suitable material. Examples of suitable mate-
rials for the stock material include thermoplastic maternials,
such as acrylonitrile-butadiene-styrene (ABS) copolymers,
polycarbonates, polyphenylsulfones, modified variations
thereot (e.g., ABS-M30 copolymers), and blends thereof. The
stock materials may also include one or more optical-charac-
teristic additives, one or more compositional-characteristic
additives, and combinations thereof. Suitable optical-charac-
teristic additives include dyes, pigments, crystalline colorants
(e.g., photonic polycrystals), matting agents, opacifiers, and
combinations thereof, where suitable concentrations of the
optical-characteristic additives 1n the stock materials may
vary depending on the particular optical characteristics to be
attained. Examples of suitable concentrations of the optical
characteristic additives 1n the stock materials range from
about 0.01% by weight to about 10% by weight, with particu-
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larly suitable concentrations ranging from about 1% by
weight to about 5% by weight.

[0063] Examples of suitable compositional-characteristic
additives include surfactants, rheology-modifying agents,
clectrically-conductive matenials, plasticizers, heat stabiliz-
ers, photostabilizers, tackifiers, and combinations thereof.
Suitable concentrations of the compositional-characteristic
additives 1n the stock maternials may vary depending on the
particular compositional characteristics to be attaimned. Suit-
able surfactants for use 1n the coating composition include
non-ionic and anionic surfactants, organosilicone com-
pounds, fluorocarbon surfactants, and combinations thereof.
Examples of suitable concentrations of surfactants in the
stock materials range from about 0.01% by weight to about
5% by weight, with particularly suitable concentrations rang-
ing from about 1% by weight to about 2% by weight.

[0064] Suitable rheology-modifying agents for the coating
composition include thixiotropic materials, fillers, and thick-
eners, such as silica quartz, calcium carbonates, magnesium
carbonates, barium carbonates, carbon black, talc, wollasto-
nite, mica, alumina, silica, kaolin, silicon carbides, silicon
dioxides, and combinations thereof. Examples of suitable
concentrations of rheology-modifying agents in the stock
materials range from about 0.1% by weight to about 10% by
weight, with particularly suitable concentrations ranging
from about 1% by weight to about 5% by weight.

[0065] Suitable electrically-conductive materials include
graphite, nanotubes, conductive metals (e.g., silver), and
combinations thereof. Examples of suitable concentrations of
clectrically-conductive matenials 1n the stock materials range
from about 0.1% by weight to about 5% by weight, with
particularly suitable concentrations ranging from about 1%
by weight to about 3% by weight.

[0066] Suitable plasticiziers include dialkyl phthalates,
cycloalkyl phthalates, benzyl phthalates, aryl phthalates,
alkoxy phthalates, alkyl/aryl phosphates (e.g., triphenyl
phosphate), carboxylic acid esters, polyglycol esters, adipate
esters, citrate esters, esters of glycerin, and combinations
thereof. Examples of suitable concentrations of electrically-
conductive materials 1n the stock materials range from about
0.1% by weight to about 30% by weight, with particularly
suitable concentrations ranging from about 2% by weight to
about 10% by weight.

[0067] The above-discussed compounding systems and
stock materials provide suitable solutions to build 3D models
and/or support structures with customized characteristics
(e.g., optical and/or compositional characteristics). This
allows a wide variety of customized characteristics to be
obtained from a relatively small number of different stock
materials, which reduces costs required to pre-manufacture
the different stock materials and expands the realm of aes-
thetic and functional qualities that may attained with digital
manufacturing systems.

[0068] Although the present disclosure 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
disclosure.

1. A compounding system for forming a customized con-
sumable matenal, the compounding system comprising:

a controller configured to operably receive a user input
related to one or more user-selected material character-
1stics;
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a plurality of drive mechanisms configured to operably
communicate with the controller, and further configured
to feed a plurality of stock materials at independent feed
rates that are determined based at least in part upon the
user mput; and

an extrusion component configured to recerve the plurality
of fed stock matenals, and further configured to at least
partially melt and blend the recerved stock materials to
provide the customized consumable material 1n an
extrudable state, wherein upon solidifying the custom-
1zed consumable material exhibits the one or more user-
selected material characteristics.

2. The compounding system of claim 1, wherein the cus-

tomized consumable material comprises:

at least one optical characteristic based on optical charac-
teristics of the plurality of stock materials, and

at least one compositional characteristic based on compo-
sitional characteristics of the plurality of stock materi-
als.

3. The compounding system of claim 1, wherein the extru-
s10n component comprises:

a liquefier having a mixing component; and

a guide mamifold configured to guide the plurality of stock
materials from the plurality of drive mechamsms to the
liquetier.

4. The compounding system of claim 2, wherein the lique-
fier 1s removably securable to the guide manifold.

5. The compounding system of claim 1, wherein upon
solidifying the consumable material also exhibits dimensions
that are within dimensional specifications for a digital manu-
facturing system.

6. The compounding system of claim 5, wherein the dimen-
s1ons of the consumable material define a filament having an
average diameter ranging from about 1.3 millimeters to about
2.5 millimeters.

7. The compounding system of claim 1, and further com-
prising a housing securable to a digital manufacturing system.

8. The compounding system of claim 1, and further com-
prising a housing that defines an interior region, wherein at
least a portion of the interior region 1s configured to be main-
tained at one or more elevated temperatures.

9. A method for forming a customized consumable mate-
rial filament, the method comprising:

receiving a plurality of stock material filaments, wherein at
least one of the stock material filaments has average
dimensions that are within dimensional specifications
for a digital manufacturing system:;

receiving a user input related to one or more user-selected
material characteristics;

determining independent feed rates for at least two of the
stock material filaments based at least 1n part upon the
user input;

feeding the at least two stock material filaments to an
extrusion component based on the determined indepen-
dent feed rates;

at least partially melting and blending the fed stock mate-
rial filaments 1in the extrusion component; and

extruding the blended matenals to provide the customized
consumable material filament, wherein upon solidity-
ing, the customized consumable maternial filament
exhibits the one or more user-selected material charac-
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teristics and average dimensions that are within the
dimensional specifications for the digital manufacturing

system.
10. The method of claim 9, wherein each of the plurality of
stock material filaments has average dimensions that are each
within the dimensional specifications for the digital manufac-
turing system.
11. The method of claim 9, wherein the customized con-
sumable material comprises:
at least one optical characteristic based on optical charac-
teristics of the plurality of stock material filaments, and

at least one compositional characteristic based on compo-
sitional characteristics of the plurality of stock material
filaments.

12. The method of claim 9, wherein the average dimen-
s1ons of the at least one stock material filament comprises an
average diameters that ranges from about 1.3 millimeters to
about 2.5 millimeters.

13. The method of claim 9, wherein the extrusion compo-
nent comprises:

a liquefier having a mixing component; and

a guide manifold configured to guide the plurality of stock

materials from the plurality of drive mechanisms to the
liquetier.

14. The method of claim 13, and further comprising remov-

ing the liquefier from the guide manifold.

15. A method for forming a consumable material, the
method comprising:

at least partially melting a plurality of stock materials 1n an

extrusion component;

blending the at least partially melted materials 1n the extru-

s10n component;

extruding the blended materials from the extrusion com-

ponent as the consumable material;

soliditying the extruded consumable material; and

teeding the plurality of stock materials to the extrusion

component at independent rates that provide at least one
optical characteristic for the solidified consumable
material that 1s based on optical characteristics of the
plurality of stock materials, and that provide at least one
compositional characteristic for the solidified consum-
able material that 1s based on compositional character-
istics of the plurality of stock materials.

16. The method of claim 15, and further comprising relay-
ing the solidified consumable material to the digital manufac-
turing system while extruding successive portions of the con-
sumable materal.

17. The method of claim 15, wherein the consumable mate-
rial 1s extruded into an interior cavity of a mold fabricated
with a digital manufacturing system.

18. The method of claim 17, and further comprising;:

placing the mold within an interior region of a housing; and

heating the interior region to one or more elevated tempera-
tures.

19. The method of claim 15, wherein the dimensions of the
solidified consumable material define a filament having an
average diameter ranging from about 1.3 millimeters to about
2.5 millimeters.

20. The method of claim 19, wherein each of the plurality
ol stock materials defines a filament having an average diam-
cter ranging from about 1.3 millimeters to about 2.5
millimeters.
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