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(57) An additive manufacturing system (30) for print-
ing three-dimensional (3D) parts includes a print founda-
tion (36) , a print head (40) , a drive mechanism, and a
supporting surface (700) that creates an air bearing (710)
for parts under construction as they move through the
system. The print head is configured to print a 3D part
onto the print foundation in a layer-by-layer manner in a
vertical print plane. The drive mechanism is configured

to index the print foundation substantially along a hori-
zontal print axis during printing of the 3D part. The support
surface is provided by a table extending along the hori-
zontal axis. The table has a plurality of air jets forming
an air platen, which generates the air bearing for sup-
porting the 3D part as it is incremented along the print
axis.
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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Patent Application No. 15/581,651 filed on April 28, 2017,
which is a continuation of U.S. Patent Application No.
13/968,033 (issued as U.S. Patent No. 9,636,868) filed
on August 15, 2013; and is a continuation-in-part of U.S.
patent application Ser. No. 13/587,009 (issued as U.S.
Patent No. 9,168,697), filed on Aug. 16, 2012. Each of
the above-referenced applications are incorporated
herein by reference.

BACKGROUND

[0002] The present disclosure relates to additive man-
ufacturing systems for building three-dimensional (3D)
parts with layer-based, additive manufacturing tech-
niques. In particular, the present disclosure relates to ad-
ditive manufacturing systems for printing large 3D parts,
and methods for printing 3D parts in the additive manu-
facturing systems.
Additive manufacturing, or 3D printing, is generally an
additive manufacturing process in which a three-dimen-
sional (3D) object or part is built utilizing a computer mod-
el of the objects. The typical operation consists of slicing
a three-dimensional computer model into thin cross sec-
tions, translating the result into layerwise position data,
and feeding the data to control a printer which manufac-
tures a three-dimensional structure in a layerwise man-
ner using one or more additive manufacturing tech-
niques. Examples of commercially available additive
manufacturing techniques include extrusion-based tech-
niques (e.g., fused deposition modeling), jetting, selec-
tive laser sintering, powder/binder jetting, electron-beam
melting, and stereolithographic processes.
In an extrusion-based additive manufacturing system, a
3D part may be printed from a digital representation of
the 3D part in a layer-by-layer manner by extruding a
flowable part material along tool paths that are generated
from a digital representation of the part. The part material
is extruded through an extrusion tip or nozzle carried by
a print head of the system, and is deposited as a se-
quence of roads while the print head moves along the
tool paths. The extruded part material fuses to previously
deposited part material, and solidifies upon a drop in tem-
perature. In a typical printer, the material is deposited in
planar layers as a sequence of roads built up on a sub-
strate that defines a build plane. The position of the print
head relative to the substrate is then incremented along
a print -axis (perpendicular to the build plane), and the
process is repeated to form a 3D part resembling the
digital representation.
In fabricating 3D parts by depositing layers of a part ma-
terial, supporting layers or structures are typically built
underneath overhanging portions or in cavities of 3D
parts under construction, which are not supported by the

part material itself. A support structure may be built uti-
lizing the same deposition techniques by which the part
material is deposited. The host computer generates ad-
ditional geometry acting as a support structure for the
overhanging or free-space segments of the 3D part being
formed. Support material is then deposited pursuant to
the generated geometry during the printing process. The
support material adheres to the part material during fab-
rication, and is removable from the completed 3D part
when the printing process is complete.

SUMMARY

[0003] Embodiments of the present disclosure are di-
rected to an additive manufacturing system for printing
3D parts, and a method of using the system. One em-
bodiment of the additive manufacturing system includes
a print foundation, a print head, a drive mechanism, and
a supporting surface that creates an air bearing for parts
under construction as they move through the system.
The print head is configured to print a 3D part onto the
print foundation in a layer-by-layer manner in a vertical
print plane. The drive mechanism is configured to index
the print foundation substantially along a horizontal print
axis during printing of the 3D part. The support surface
is provided by a table extending along the horizontal axis.
The table has a plurality of air jets forming an air platen,
which generates the air bearing for supporting the 3D
part as it is incremented along the print axis.
In one embodiment of the method, a 3D part is printed
onto a print foundation in a layer-by-layer manner in a
vertical print plane. The print foundation is indexed along
a horizontal axis using a drive mechanism during printing
the 3D part. A portion of the 3D part is supported on an
air bearing on a table surface formed by a plurality of air
jets during indexing of the print foundation along the hor-
izontal axis.

DEFINITIONS

[0004] Unless otherwise specified, the following terms
as used herein have the meanings provided below:
The terms "about" and "substantially" are used herein
with respect to measurable values and ranges due to
expected variations known to those skilled in the art (e.g.,
limitations and variabilities in measurements).
[0005] Directional orientations such as "above", "be-
low", "top", "bottom", and the like are made with reference
to a direction along a printing axis of a 3D part. In the
embodiments in which the printing axis is a vertical z-
axis, the layer-printing direction is the upward direction
along the vertical z-axis. In these embodiments, the
terms "above", "below", "top", "bottom", and the like are
based on the vertical z-axis. However, in embodiments
in which the layers of 3D parts are printed along a different
axis, such as along a horizontal x-axis or y-axis, the terms
"above", "below", "top", "bottom", and the like are relative
to the given axis. Furthermore, in embodiments in which
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the printed layers are planar, the printing axis is normal
to the build plane of the layers.
[0006] The term "printing onto", such as for "printing a
3D part onto a print foundation" includes direct and indi-
rect printings onto the print foundation. A "direct printing"
involves depositing a flowable material directly onto the
print foundation to form a layer that adheres to the print
foundation. In comparison, an "indirect printing" involves
depositing a flowable material onto intermediate layers
that are directly printed onto the receiving surface. As
such, printing a 3D part onto a print foundation may in-
clude (i) a situation in which the 3D part is directly printed
onto to the print foundation, (ii) a situation in which the
3D part is directly printed onto intermediate layer (s) (e.g.,
of a support structure), where the intermediate layer(s)
are directly printed onto the print foundation, and (iii) a
combination of situations (i) and (ii) .
[0007] The term "providing", such as for "providing a
chamber" and the like, when recited in the claims, is not
intended to require any particular delivery or receipt of
the provided item. Rather, the term "providing" is merely
used to recite items that will be referred to in subsequent
elements of the claim(s), for purposes of clarity and ease
of readability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

FIG. 1A is a side view of a 3D part being printed with
a support structure and scaffold, illustrating a vertical
printing axis.
FIG. 1B is a side view of a 3D part being printed with
a support structure and scaffold, illustrating a hori-
zontal printing axis.
FIG. 2 is a top view of a first example additive man-
ufacturing system of the present disclosure having
a platen and platen gantry for printing a 3D part hor-
izontally.
FIG. 3 is a side view of the first example system.
FIG. 4A is a perspective view of a 3D part, support
structure, and scaffold printed on the platen.
FIG. 4B is an exploded perspective view of the 3D
part, support structure, and scaffold printed on the
platen.
FIG. 5 is a side view of the first example system,
illustrating the 3D part being printed horizontally.
FIG. 6 is a top view of a second example additive
manufacturing system of the present disclosure hav-
ing a platen starter piece for printing a 3D part hori-
zontally.
FIG. 7 is a side view of the second example system.
FIG. 8A is a perspective view of a 3D part, support
structure, and scaffold printed on the platen starter
piece.
FIG. 8B is an exploded perspective view of the 3D
part, support structure, and scaffold printed on the
platen starter piece.

FIG. 8C is a perspective view of a 3D part, support
structure, and scaffold printed on the platen starter
piece, illustrating an alternative drive mechanism.
FIG. 9 is a side view of the second example system,
illustrating the 3D part being printed horizontally.
FIG. 10 is a top view of a third example additive man-
ufacturing system of the present disclosure having
a wedge starter piece for printing a 3D part horizon-
tally.
FIG. 11 is a side view of the third example system.
FIG. 12 is an expanded side view of the wedge starter
piece, illustrating a technique for printing a support
structure.
FIG. 13A is a perspective view of a 3D part, support
structure, and scaffold printed on the wedge starter
piece.
FIG. 13B is an exploded perspective view of the 3D
part, support structure, and scaffold printed on the
wedge starter piece.
FIG. 14 is a side view of the third example system,
illustrating the 3D part being printed horizontally.
FIG. 15 is a simplified side view of an exemplary
additive manufacturing system configured to gener-
ate an air bearing beneath a 3D part under construc-
tion, in accordance with embodiments of the present
disclosure.
FIGS. 16 and 17 respectively are simplified side
cross-sectional and top views of a portion of the sys-
tem of FIG. 15, in accordance with embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0009] The present disclosure is directed to an additive
manufacturing system configured to print 3D parts that
are longer than a print environment of the additive man-
ufacturing system. In some embodiments, the print or
build environment of the additive manufacturing system,
in which layers of the parts are formed, includes a heated
chamber having a port that opens the chamber to ambient
conditions outside of the chamber. In other embodi-
ments, the print environment is at ambient conditions or
has localized heating proximate a deposition volume.
The system also includes one or more print heads con-
figured to print a 3D part in a layer-by-layer manner onto
a print foundation (e.g., a platen or other component hav-
ing a receiving surface).
[0010] As the printed 3D part grows through the print-
ing process, a length of the 3D part may be indexed or
otherwise moved beyond the print environment, such as
through a port of the heated chamber. The printed 3D
part may continue to grow beyond the print environment
until a desired length or height is achieved. This expands
the printable volume along a printing axis of the system,
allowing long or tall 3D parts, such as airfoils, manifolds,
fuselages, and the like to be printed in a single printing
operation. As such, the 3D parts may be larger than the
dimensions of the print environment of the additive man-
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ufacturing system.
[0011] As discussed further below, the additive man-
ufacturing system may be configured to print 3D parts in
a horizontal direction, a vertical direction, or along other
orientations (e.g., slopes relative to the horizontal and
vertical directions). In each of these embodiments, the
layers of a printed 3D part may be stabilized by one or
more printed "scaffolds", which brace the 3D part laterally
relative to the printing axis of the system to address forces
parallel to the build plane. This is in comparison to a print-
ed "support structure", which supports a bottom surface
of the 3D part relative to the printing axis of the system
to address forces that are normal to the build plane.
[0012] For example, FIG. 1A is a simplified front view
of 3D part 10 being printed in a layer-by-layer manner
from print head nozzle 12, where the layers of the 3D
part 10 grow along the vertical z-axis. As such, the "print-
ing axis" in FIG. 1A is the vertical z-axis, and each layer
extends parallel to a horizontal x-y build plane (y-axis not
shown).
[0013] The layers of 3D part 10 are printed on layers
of support structure 14, which are correspondingly dis-
posed on platen 16. Support structure 14 includes a first
series of printed layers 14a that support the bottom sur-
face 10a of 3D part 10 along the printing axis (i.e., along
the vertical z-axis), thereby address forces that are nor-
mal to the build plane. Layers 14a assist in adhering 3D
part 10 to platen 16 or other suitable print foundation,
and for reducing the risk of having layers 14a curl, while
also allowing 3D part 10 to be removed from platen 16
without damaging 3D part 10. In addition, support struc-
ture 14 includes a second series of printed layers 14b
that support overhanging surface 10b of 3D part 10 along
the printing axis. In each instance, the layers of support
structure 14 (e.g., layers 14a and 14b) support the bottom
surfaces of 3D part 10 (e.g., bottom surfaces 10a and
10b) along the printing axis, thereby further addressing
forces that are normal to the build plane.
[0014] In comparison, layers of scaffolds 18a and 18b
are printed at lateral locations relative to 3D part 10 and
are not used to support bottom surfaces 10a and 10b.
Rather, scaffolds 18a and 18b, illustrated as tubular scaf-
folds extending along the z-axis, are printed to brace the
lateral sides of 3D part 10 to function as buttresses to
address forces parallel to the build plane. For example,
in some instances, such as when 3D part 10 is tall and
narrow, the adhesion between layers 14a and 3D part
10 may not be sufficient to prevent the top-most layers
of 3D part 10 from wobbling during the printing operation.
The wobbling of 3D part 10 can reduce the registration
between print head nozzle 12 and 3D part 10, potentially
resulting in reduced printing accuracies. Scaffolds 18a
and 18b, however, provide a suitable mechanism to
brace 3D part 10 at one or more lateral locations relative
to the printing axis (i.e., the vertical z-axis), to stabilize
3D part 10 against wobbling.
[0015] Alternatively, FIG. 1B shows 3D part 20 being
printed in a layer-by-layer manner from print head nozzle

22, where the layers of the 3D part 20 grow horizontally
along the z-axis. As such, the "printing axis" in FIG. 1B
is a horizontal z-axis axis, and each layer extends parallel
to a vertical x-y build plane (y-axis not shown).
[0016] In this situation, the layers of 3D part 20 are
printed on layers of support structure 24, which are cor-
respondingly disposed on platen 26. Support structure
24 includes a first series of printed layers 24a that support
the bottom surface 20a of 3D part 20 along the printing
axis (i.e., along the horizontal z-axis), and a second se-
ries of printed layers 14b that support overhanging sur-
face 20b of 3D part 20 along the printing axis. In each
instance, the layers of support structure 24 (e.g., layers
24a and 24b) support the bottom surfaces of 3D part 20
(e.g., bottom surfaces 20a and 20b) along the printing
axis to address forces that are normal to the build plane.
[0017] In comparison, layers of scaffold 28 are printed
at lateral locations relative to the layers of 3D part 20 and
are not used to support bottom surfaces 20a and 20b.
Rather, scaffold 28 is printed to brace the lateral side of
3D part 20 relative to the printing axis, which is the vertical
bottom side of 3D part 20 in the view shown in FIG 1B.
In this horizontal situation, scaffold 28 braces 3D part 20,
preventing 3D part 20 from sagging in a direction parallel
to the build plane under gravity during the printing oper-
ation.
[0018] For example, in some instances, such as when
3D part 20 is long and narrow, the cantilevered adhesion
between layers 24a and 3D part 20 may not be sufficient
to prevent the remote-most layers of 3D part 20 from
sagging under gravity during the printing operation. As
such, scaffold 28 provides a suitable mechanism to brace
3D part 20 at one or more lateral locations relative to the
printing axis (i.e., the horizontal z-axis), reducing the risk
of sagging. Scaffold 28 itself can then rest on and slide
along an underlying surface 29 in the y-z plane.
[0019] For ease of discussion, the z-axis is used herein
when referring to the printing axis regardless of the print-
ing orientation. For a vertical printing operation, such as
shown in FIG. 1A, the printing z-axis is a vertical or near-
vertical axis, and each layer of the 3D part, support struc-
ture, and scaffold extend along a horizontal x-y build
plane. Alternatively, for a horizontal printing operation,
such as shown in FIG. 1B, the printing z-axis is a hori-
zontal axis, and each layer of the 3D part, support struc-
ture, and scaffold extend along the vertical x-y build
plane. In further alternative embodiments, the layers of
3D parts, support structures, and scaffolds may be grown
along any suitable axis. As used herein, a "horizontal" z-
axis includes print axes that are within 45 degrees of
horizontal.
[0020] Additionally, while FIGS. 1A and 1B illustrate
flat build planes (i.e., each layer is planar), in further al-
ternative embodiments, the layers of the 3D parts, sup-
port structures, and/or scaffolds may be non-planar. For
example, the layers of a given 3D part may each exhibit
gentle curvatures from a flat build plane. In these em-
bodiments, the build plane may be determined as an av-
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erage plane of the curvatures. Unless expressly stated
otherwise, the term "build plane" is not intended to be
limited to a flat plane.
[0021] As further discussed below, in some embodi-
ments, the receiving surfaces on which the 3D parts, sup-
port structures, and/or scaffolds are printed on may have
cross-sectional areas in the build plane that are smaller
than the footprint areas of the 3D parts, support struc-
tures, and/or scaffolds. For example, the receiving sur-
face of a print foundation may have a cross-sectional
area that is smaller than the footprint areas of an intended
3D part. In this situation, layers of a support structure
and/or scaffold may be printed with increasing cross-sec-
tional areas until they at least encompass the footprint
areas of the intended 3D part. This allows small print
foundations to be used with the additive manufacturing
systems of the present disclosure. Furthermore, this al-
lows multiple, successive 3D parts to be printed with scaf-
folds that function as receiving surfaces.

Horizontal Printing

[0022] FIGS. 2-14 illustrate exemplary additive manu-
facturing systems of the present disclosure having ex-
tended printing volumes for printing long 3D parts hori-
zontally, such as discussed above for 3D part 20 (shown
in FIG. 1B), where the 3D parts have a length that is
greater than a print or build environment, in which layers
of the parts are formed. FIGS. 2-5 illustrate system 30,
which is a first example additive manufacturing system
for printing or otherwise building 3D parts, support struc-
tures, and/or scaffolds horizontally using a layer-based,
additive manufacturing technique. Suitable systems for
system 30 include extrusion-based additive manufactur-
ing systems developed by Stratasys, Inc., Eden Prairie,
MN under the trademarks "FDM".
[0023] As shown in FIG. 2, system 30 may rest on a
table or other suitable surface 32, and includes chamber
34, platen 36, platen gantry 38, print head 40, head gantry
42, and consumable assemblies 44 and 46. Chamber 34
is an enclosed environment having chamber walls 48,
and initially contains platen 36 for printing 3D parts (e.g.,
3D part 50), support structures (e.g., support structure
52), and/or scaffolds (e.g., scaffold 54, shown in FIGS.
3-5). While a chamber 34 is illustrated, the present dis-
closure is not limited to a system with a chamber. Rather,
the system can include any suitable build environment
including printing in ambient conditions and with localized
heating outside of a chamber.
[0024] In the shown embodiment, chamber 34 includes
heating mechanism 56, which may be any suitable mech-
anism configured to heat chamber 34, such as one or
more heaters and air circulators to blow heated air
throughout chamber 34. Heating mechanism 56 may
heat and maintain chamber 34, at least in the vicinity of
print head 40, at one or more temperatures that are in a
window between the solidification temperature and the
creep relaxation temperature of the part material and/or

the support material. This reduces the rate at which the
part and support materials solidify after being extruded
and deposited (e.g., to reduce distortions and curling),
where the creep relaxation temperature of a material is
proportional to its glass transition temperature. Examples
of suitable techniques for determining the creep relaxa-
tion temperatures of the part and support materials are
disclosed in Batchelder et al., U.S. Patent No. 5,866,058.
[0025] Chamber walls 48 maybe any suitable barrier
to reduce the loss of the heated air from the build envi-
ronment within chamber 34, and may also thermally in-
sulate chamber 34. As shown, chamber walls 48 include
port 58 extending laterally therethrough to open chamber
34 to ambient conditions outside of system 30. Accord-
ingly, system 30 exhibits a thermal gradient at port 58,
with one or more elevated temperatures within chamber
34 that drop to the ambient temperature outside of cham-
ber 34 (e.g., room temperature, about 25°C).
[0026] In some embodiments, system 30 may be con-
figured to actively reduce the heat loss through port 58,
such as with an air curtain, thereby improving energy
conservation. Furthermore, system 30 may also include
one or more permeable barriers at port 58, such as in-
sulating curtain strips, a cloth or flexible lining, bristles,
and the like, which restrict air flow out of port 58, while
allowing platen 36 to pass therethrough.
[0027] Platen 36 is a print foundation having receiving
surface 36a, where 3D part 50, support structure 52, and
scaffold 54 are printed horizontally in a layer-by-layer
manner onto receiving surface 36a. In some embodi-
ments, platen 36 may also include a flexible polymeric
film or liner, which may function as receiving surface 36a.
Platen 36 is supported by platen gantry 38, which is a
gantry-based drive mechanism configured to index or
otherwise move platen 36 along the printing z-axis. Plat-
en gantry 38 includes platen mount 60, guide rails 62,
screw 64, screw drive 66, and motor 68. Platen mount
60 is a rigid structure that retains platen 36 such that
receiving surface 36a is held parallel to the x-y plane.
Platen mount 60 is slidably coupled to guide rails 62,
which function as linear bearings to guide platen mount
60 along the z-axis, and to limit the movement of platen
36 to directions along the z-axis (i.e., restricts platen 36
from moving in the x-y plane) . Screw 64 has a first end
coupled to platen mount 60 and a second portion en-
gaged with screw drive 66. Screw drive 66 is configured
to rotate and draw screw 64, based on rotational power
from motor 68, to index platen 36 along the z-axis.
[0028] In the shown example, print head 40 is a dual-
tip extrusion head configured to receive consumable fil-
aments or other materials from consumable assemblies
44 and 46 (e.g., via guide tubes 70 and 72) for printing
3D part 50, support structure 52, and scaffold 54 onto
receiving surface 36a of platen 36. Examples of suitable
devices for print head 40 include those disclosed in
Crump et al., U.S. Patent No. 5,503,785; Swanson et al.,
U.S. Patent No. 6,004,124; LaBossiere, et al., U.S. Pat-
ent Nos. 7,384,255 and 7,604,470; Leavitt, U.S. Patent
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No. 7,625,200; Batchelder et al., U.S. Patent No.
7,896,209; and Comb et al., U.S. Patent No. 8,153,182.
[0029] In additional embodiments, in which print head
40 is an interchangeable, single-nozzle print head, ex-
amples of suitable devices for each print head 40, and
the connections between print head 40 and head gantry
42 include those disclosed in Swanson et al., U.S. Patent
No. 8,647,102.
[0030] Further, in some embodiments, print head 40
may be a viscosity pump or screw extruder, such as those
disclosed in Batchelder et al., U.S. Pat. Nos. 5,312,224
and 5,764,521; Skubic et al., U.S. Pat. No. 7,891,964;
and Bosveld et al. U.S. Application Serial No. 29/571664.
The viscosity pump may be fed using filament, slug, or
pellet materials.
[0031] Print head 40 is supported by head gantry 42,
which is a gantry assembly configured to move print head
40 in (or substantially in) the x-y plane parallel to platen
36. For example, head gantry 42 may include y-axis rails
74, x-axis rails 76, and bearing sleeves 78. Print head
40 is slidably coupled to y-axis rails 74 to move along the
horizontal y-axis (e.g., via one or more motor-driven belts
and/or screws, not shown). Y-axis rails 74 are secured
to bearing sleeves 78, which themselves are slidably cou-
pled to x-axis rails 76, allowing print head 40 to also move
along the vertical x-axis, or in any direction in the x-y
plane (e.g., via the motor-driven belt(s), not shown).
While the additive manufacturing systems discussed
herein are illustrated as printing in a Cartesian coordinate
system, the systems may alternatively operate in a vari-
ety of different coordinate systems. For example, head
gantry 42 may move print head 40 in a polar coordinate
system, providing a cylindrical coordinate system for sys-
tem 30.
[0032] Suitable devices for consumable assemblies 44
and 46 include those disclosed in Swanson et al., U.S.
Patent No. 6,923,634; Comb et al., U.S. Patent No.
7,122,246; Taatjes et al, U.S. Patent Nos. 7,938,351 and
7,938,356; Swanson, U.S. Patent No. 8,403,658; and
Mannella et al., U.S. Patent Nos. 9,073,263 and
8,985,497. Suitable materials and filaments for use with
print head 40 include those disclosed and listed in Crump
et al., U.S. Patent No. 5,503,785; Lombardi et al., U.S.
Patent Nos. 6,070,107 and 6,228,923; Priedeman et al.,
U.S. Patent No. 6,790,403; Comb et al., U.S. Patent No.
7,122,246; Batchelder, U.S. Patent Nos. 8,215,371, 2
8,221,669, 8,236,227, and 8,658,250; and Hopkins et al.,
U.S. Patent No. 8,246,888. Examples of suitable average
diameters for the filaments range from about 1.02 millim-
eters (about 0.040 inches) to about 3.0 millimeters (about
0.120 inches). In a pellet-fed screw extruder, pellet or
particle materials may be fed to the viscosity pump from
hoppers (replacing consumable assemblies 44 and 46),
such as described in Bosveld et al. U.S. Patent
8,955,558. The materials are heated and sheared to an
extrudable state in the screw extruder, and extruded from
a nozzle of the extruder.
[0033] System 30 also includes controller 80, which is

one or more control circuits configured to monitor and
operate the components of system 30. For example, one
or more of the control functions performed by controller
80 can be implemented in hardware, software, firmware,
and the like, or a combination thereof. Controller 80 may
communicate over communication line 82 with chamber
34 (e.g., heating mechanism 56), print head 40, motor
68, and various sensors, calibration devices, display de-
vices, and/or user input devices.
[0034] In some embodiments, controller 80 may also
communicate with one or more of platen 36, platen gantry
38, head gantry 42, and any other suitable component
of system 30. While illustrated as a single signal line,
communication line 82 may include one or more electri-
cal, optical, and/or wireless signal lines, allowing control-
ler 80 to communicate with various components of sys-
tem 30. Furthermore, while illustrated outside of system
30, controller 80 and communication line 82 are desirably
internal components to system 30.
[0035] System 30 and/or controller 80 may also com-
municate with computer 84, which is one or more com-
puter-based systems that communicates with system 30
and/or controller 80, and may be separate from system
30, or alternatively may be an internal component of sys-
tem 30. Computer 84 includes computer-based hard-
ware, such as data storage devices, processors, memory
modules and the like for generating and storing tool path
and related printing instructions. Computer 84 may trans-
mit these instructions to system 30 (e.g., to controller 80)
to perform printing operations.
[0036] During operation, controller 80 may direct print
head 40 to selectively draw successive segments of the
part and support material filaments from consumable as-
semblies 44 and 46 (via guide tubes 70 and 72). Print
head 40 thermally melts the successive segments of the
received filaments such that they become molten flowa-
ble materials. The molten flowable materials are then ex-
truded and deposited from print head 40, along the print-
ing z-axis axis, onto receiving surface 36a for printing 3D
part 50 (from the part material), support structure 52 (from
the support material), and scaffold 54 (from the part
and/or support materials).
[0037] Print head 40 may initially print one or more lay-
ers of support structure 52 onto receiving surface 36a to
provide an adhesive base for the subsequent printing.
This maintains good adhesion between the layers of 3D
part 50 and platen 36, and reduces or eliminates any
tolerance to flatness between receiving surface 36a of
platen 36 and the x-y plane. After each layer is printed,
controller 80 may direct platen gantry 38 to index platen
36 along the z-axis in the direction of arrow 86 by a single
layer increment.
[0038] After support structure 52 is initially printed, print
head 40 may then print layers of 3D part 50 and scaffold
54, and optionally any additional layers of support struc-
ture 52. As discussed above, the layers of support struc-
ture 52 are intended to support the bottom surfaces of
3D part 50 along the printing z-axis against curl forces,
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and the layers of scaffold 54 are intended to brace 3D
part 50 against gravity along the vertical x-axis.
[0039] As shown in FIG. 3, guide rails 62 are illustrated
with cross hatching and head gantry 42 is omitted for
ease of viewability. As the printed 3D part 50 and scaffold
54 grow along the z-axis, the indexing of platen 36 in the
direction of arrow 86 moves platen 36 through chamber
34 towards port 58. Port 58 desirably has dimensions
that allow platen 36 to pass through without contacting
chamber walls 48. In particular, port 58 is desirably par-
allel
[0040] (or substantially parallel) to platen 36 (i.e., both
extend in the x-y plane), with dimensions that are slightly
larger than the cross-sectional area of platen 36. This
allows platen 36 (and the growing 3D part 50 and scaffold
54) to pass through port 58 without interference, while
also desirably reducing thermal loss through port 58.
[0041] As the printed layers of 3D part 50, support
structure 52, and scaffold 54 move in the direction of
arrow 86 through chamber 34 toward port 58, the tem-
perature of chamber 34 gradually cools them down from
their respective extrusion temperatures to the tempera-
ture in chamber 34. As mentioned above, this reduces
the risk of distortions and curling. Gantry assembly 38
desirably indexes platen 36 at a rate that is slow enough
such that the printed layers cool down to the tempera-
ture(s) of chamber 34, and reside in chamber 34 for a
duration that is sufficient to substantially relieve cooling
stresses, prior to reaching port 58. This allows the printed
layers to be relaxed enough such that when they reach
the temperature gradient at port 58, the temperature drop
at the temperature gradient does not cause any substan-
tial distortions or curling.
[0042] FIGS. 4A and 4B illustrate 3D part 50, support
structure 52, scaffold 54, and platen 36 during the printing
operation. 3D part 50 includes interior structure 50a and
exterior surfaces 50b, where interior frame 50a functions
in the same manner as scaffold 54 for laterally bracing
the exterior surfaces 50b of 3D part 50. In alternative
embodiments, depending on the geometry of 3D part 50,
interior structure 50a may be omitted or may be printed
from a support material that can be subsequently re-
moved from 3D part 50 (e.g., a soluble support material).
In embodiments in which interior structure 50a is printed
from a soluble support material, interior frame 50a is de-
sirably porous and/or sparse to increase the flow of a
dissolving fluid (e.g., an alkaline aqueous solution)
through the interior region of 3D part 50. This can in-
crease the dissolution rate of interior structure 50a.
[0043] In the shown example, scaffold 54 includes rib-
bon portion 88 and conveyor base 90. Further details of
this ribbon-base arrangement for scaffold 54 are dis-
cussed below. Briefly, ribbon portion 88 is connected to
exterior surface 50b of 3D part 50 with small contact
points to brace 3D part 50 against sagging due to gravity.
The small contact points allows ribbon portion 88 to be
readily broken apart or otherwise removed from 3D part
50 after the printing operation is completed. Conveyor

base 90 is a planar sheet that supports ribbon portion
88, providing a smooth surface that can rest on and slide
over guide rails 62 as platen 36 is indexed along the z-
axis.
[0044] As further shown in FIGS. 4A and 4B, support
structure 30 is desirably printed on receiving surface 36a
to at least encompass the footprint area of 3D part 50
and scaffold 54 (i.e., the cross-sectional area of 3D part
50 and scaffold 54 in the x-y plane). In the shown exam-
ple, support structure 30 only covers about the bottom
40% of platen 36. However, for 3D parts and scaffolds
having larger geometries in the x-y plane, the entire sur-
face of platen 36 may be used, allowing 3D parts having
cross-sectional areas up to about the cross-sectional ar-
ea of platen 36 to be printed. Furthermore, the lengths
of the 3D parts are limited only by the length of platen
gantry 38. Thus, system 30 is suitable for printing long
3D parts, having a variety of different cross-sectional ge-
ometries, such as airfoils, manifolds, fuselages, and the
like.
[0045] As shown in FIG. 4B, platen 36 includes base
indentation 91, which 91 is configured to align with the
top surface of guide rails 62. This arrangement allows
support structure 52 and conveyor base 90 of scaffold
54 to be printed flush against indentation 91. This allows
support structure 52 and scaffold 54 to rest on and slide
across the top surface of guide rails 62 while platen 36
is indexed in the direction of arrow 86.
[0046] As shown in FIG. 5, as platen gantry 38 contin-
ues to index platen 36 in the direction of arrow 86, the
successive layers of 3D part 50 and scaffold 54 pass
through the thermal gradient at port 58 and move outside
of chamber 34. As discussed above, the printed layers
desirably cool down to the temperature (s) of chamber
34 prior to reaching port 58 to reduce the risk of distortions
and curling. Upon passing through port 58, the printed
layers may then cool down to the ambient temperature
outside of chamber 34 (e.g., room temperature).
[0047] The printing operation may continue until the
last layer of 3D part 50 is printed and/or when platen 36
is fully indexed to the end of platen gantry 38. As can
appreciated, allowing platen 36 to move out of chamber
34 increases the lengths of 3D parts that may be printed
by system 30 compared to additive manufacturing sys-
tems having enclosed chambers.
[0048] After the printing operation is completed, the
printed 3D part 50, support structure 52, scaffold 54, and
platen 36 may be removed from system 30 (e.g., by dis-
engaging platen 36 from platen gantry 38). Platen 36 may
then be removed from support structure 30, and support
structure 30 may be removed from 3D part 50 and scaf-
fold 54 (e.g., by dissolving support structure 30). Scaffold
54 may then be broken apart from or otherwise removed
from 3D part 50. While system 30 is particularly suitable
for printing 3D parts that are long along the z-axis (e.g.,
3D part 50), system 30 may also print 3D parts that are
shorter along the z-axis. In instances where 3D part 50
is short along the z-axis, such that the adhesiveness of
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support structure 52 is sufficient to support the 3D part
in a cantilevered manner without substantial sagging,
scaffold 54 may be omitted. However, as can be appre-
ciated, as the length of a 3D part grows along the z-axis,
support structure 52 alone is not sufficient to prevent re-
motely-printed layers of the 3D part from sagging under
gravity. In this situation, one or more scaffolds (e.g., scaf-
fold 54) may be printed along with the 3D part to laterally
brace the 3D part.
[0049] FIGS. 6-9 show system 230, which is a second
example additive manufacturing system having a platen
starter piece and associated drive mechanism. As shown
in FIG. 6, system 230 may operate in a similar manner
to system 30 (shown in FIGS. 2-5), where the reference
numbers for the respective features are increased by
"200". In this embodiment, platen 36 and platen gantry
38 of system 30 are replaced with a platen starter piece
292 and drive mechanism 294.
[0050] Starter piece 292 is a removable print founda-
tion having platen portion 296, platform portion 298, and
reinforcing arms 300 (best shown in FIG. 8B). Platen por-
tion 296 includes receiving surface 296a for receiving the
printed support structure 252 in the same manner as re-
ceiving surface 36a of platen 36. Platform portion 298
includes edge segments 302 and central segment 304,
where edge segments 302 are offset across from each
other along the y-axis. Platen portion 296 is integrally
formed with or otherwise connected to platform portion
298 at central segment 304, and does not extend laterally
to edge segments 302. As such, platen portion 296 ex-
tends parallel to the x-y plane, and at a right angle to
platform portion 298, which extends in the y-z plane. Re-
inforcing arms 300 are optional components that struc-
turally reinforce platen portion 296. Starter piece 292 may
be fabricated from one or more polymeric and/or metallic
materials. For example, starter piece 292 may be molded
(e.g., injection molded) or printed with an additive man-
ufacturing system from a polymeric material to provide a
rigid piece capable of supporting the printed layers of 3D
part 250, support structure 252, and scaffold 254. In an
alternative embodiment, platform portion 298 may be a
web-based film with platen portion 296 secured thereon.
[0051] As shown in FIGS. 6 and 7, drive mechanism
294 is a wheel-based drive mechanism that includes two
pairs of drive wheels 306, guide rails 308, and motor 310,
where, in FIG. 7, guide rails 308 are illustrated with cross
hatching (and head gantry 242 is omitted) for ease of
viewability. Prior to the printing operation, platform por-
tion 298 of starter piece 292 may be inserted between
the pairs of drive wheels 306. Platform portion 298 may
also include one or more alignment tabs 312 (best shown
in FIG. 8B) to align and slidably couple starter piece 292
to guide rails 308.
[0052] Guide rails 308 function as linear bearings along
the horizontal z-axis in a similar manner to guide rails 62
(shown in FIGS. 2, 3, and 5). However, guide rails 308
may be considerably shorter in length compared to guide
rails 62, thereby reducing the size of system 10 on table

232. For example, guide rails 308 may be retained en-
tirely within chamber 234.
[0053] During operation, print head 240 initially prints
one or more layers of support structure 252 onto receiving
surface 296a to provide an adhesive base for the subse-
quent printing. This maintains good adhesion between
the layers of 3D part 250 and receiving surface 296a.
However, as best shown in FIGS. 8A and 8B, the layers
of support structure 252 also include edge segments 314
corresponding to edge segments 302 of starter piece
292, and alignment tabs 316 (shown in FIG. 8B) corre-
sponding to alignment tabs 312 of starter piece 292.
[0054] After each layer of support structure 252 is print-
ed, drive mechanism 294 may index starter piece 292
along the z-axis in the direction of arrow 286 by a single
layer increment. In particular, as shown in FIG. 8A, each
pair of drive wheels 306 may engage the opposing sur-
faces of one of the edge segments 302. Drive wheels
306 are operated by motor 310, which rotates drive
wheels 306 to index starter piece 292 along the z-axis in
the direction of arrow 286.
[0055] In alternative embodiments, drive mechanism
294 may be replaced with a variety of different drive
mechanisms for engage with and moving starter piece
292, support structure 252, and scaffold 254 in the same
manner. For example, drive wheels 306 may be replaced
with cogs, textured wheels, spiked wheels, textured
and/or tacky conveyor belts, and the like to engage one
side of each edge segment 302, both sides of each edge
segment 302, or combinations thereof. After support
structure 252 is printed, print head 240 may then print
layers of 3D part 250 and scaffold 254, and optionally
any additional layers of support structure 252. As further
shown in FIGS 8A and 8B, conveyor base 288 of scaffold
254 is printed to include edge segments 318 correspond-
ing to edge segments 302 and 314, and alignment tabs
320 corresponding to alignment tabs 312 and 316. In
alternative embodiments, alignment tabs 312, 316,
and/or 320 may be omitted. In these embodiments, sys-
tem 230 may include other suitable features (e.g., align-
ment pins) to maintain registration in the x-y plane.
[0056] As drive wheels 306 continue to index starter
piece 292 in the direction of arrow 286, alignment tabs
316 of support structure 252 and alignment tabs 320 of
scaffold 254 eventually reach and slidably couple with
guide rails 308 to maintain proper registration in the x-y
plane. Furthermore, as illustrated by arrow 322 in FIG.
8A, drive wheels 306 eventually pass edge segments
302 of starter piece 292, and engage edge segments 314
and 318 to continue to index support structure 250 and
scaffold 254 in the direction of arrow 286. In some em-
bodiments, system 230 may include one or more sensors
(not shown) to provide feedback to controller 280, there-
by maintaining proper indexing of scaffold 250. For ex-
ample, system 230 may include one or more optical sen-
sors to measure displacement of scaffold 250 along the
z-axis, which may transmit signals to controller 280 to
provide accurate an indexing of scaffold 250.

13 14 



EP 3 505 328 A1

9

5

10

15

20

25

30

35

40

45

50

55

[0057] As can be appreciated, because drive wheels
306 engage scaffold 254 at both sides of edge segment
318 of scaffold 254, the opposing drive wheels 306 may
need to be adjusted along the y-axis to compensate for
the dimensions of 3D part 250. For instance, if 3D part
250 is very wide along the y-axis, the opposing pairs of
drive wheels 306 may need to be separated further apart
along the y-axis (as illustrated by separation lines 321 in
FIG. 8A) to accommodate the wider support structure
252 and scaffold 254. Alternatively, if 3D part 250 is very
narrow along the y-axis, the opposing pairs of drive
wheels 306 may need to be moved closer together along
the y-axis to reduce the widths of support structure 252
and scaffold 254. This reduces the needed sizes of sup-
port structure 252 and scaffold 254. However, in one em-
bodiment, drive wheels 306 may be maintained at a sep-
aration distance along the y-axis that accommodates the
widest dimensions that can be printed by system 230. In
this embodiment, support structure 252 and scaffold 254
may be printed with widths that reach drive wheels 306.
Alternatively, as shown in FIG. 8C, system 230 may in-
clude an alternative drive mechanism, such as drive
mechanism 294a, that engages only the bottom surfaces
of starter piece 292, support structure 252, and scaffold
254. As shown, drive mechanism 294a includes rollers
306a and drive belt 306b, where drive belt 306b engages
the bottom surfaces of starter piece 292, support struc-
ture 252, and scaffold 254. The bottom surface engage-
ment allows drive mechanism 294a to be used regardless
of the dimensions of 3D part 250, support structure 52,
and scaffold 254.
[0058] Drive belt 306b may engage with starter piece
292, support structure 252, and scaffold 254 with a variety
of features, such a textured and/or tacky belt surface.
This allows drive belt 306b to frictionally, mechanically,
and/or adhesively grip the bottom surfaces of starter
piece 292, support structure 252, and scaffold 254 to
index or otherwise move them in the direction of arrow
286. The engagement between drive belt 306b and start-
er piece 292, support structure 252, and scaffold 254
may be based on the weights of starter piece 292, support
structure 252, and scaffold 254, which hold them against
drive belt 306b. Additionally, drive mechanism 230 may
include additional components to assist in maintaining
the engagement, such as with a magnetic coupling be-
tween starter piece 292 and drive mechanism 294. As
can be further appreciated, while illustrated with a drive
belt 306b, drive mechanism 294a may alternatively in-
corporate different features for engaging the bottom sur-
faces of starter piece 292, support structure 252, and
scaffold 254 (e.g., drive wheels).
[0059] As shown in FIG. 9, as drive mechanism 294
continues to index scaffold 254 in the direction of arrow
286, the successive layers of 3D part 250 and scaffold
254 pass through the thermal gradient at port 258 and
move outside of chamber 234. In this embodiment, the
table or surface 232 desirably steps up outside of cham-
ber walls 248 to receive alignment tabs 312, 316, and

318, allowing them to slide across table 232 during the
indexing. Furthermore, the stepped-up portion of table
232 may be treated or polished, may include low-friction
material(s) (e.g., polytetrafluoroethylene), and/or may in-
clude air jets or other mechanisms for creating an air
bearing (as further described below), to thereby reduce
the sliding friction with alignment tabs 312, 316, and 318.
Alternatively, in embodiments in which alignment tabs
312, 316, and 318 are omitted, the stepped-up portion
of table 232 may be flush with or slightly below the ele-
vation of guide rails 308 to receive conveyor base 288
of scaffold 254.
[0060] Upon passing through port 258, the printed lay-
ers may then cool down to the ambient temperature out-
side of chamber 234 (e.g., room temperature). The print-
ing operation may continue until the last layer of 3D part
250 is printed. As can be appreciated, by printing support
structure 252 and scaffold 254 with edge segments 314
and 318 that are engagable by drive mechanism 294,
system 230 effectively grows its own conveyor mecha-
nism. The use of a conveyor-base scaffold in this manner
allows guide rails 308 to be relatively short, and even
remain within chamber walls 248. This reduces the over-
all size of system 230, and effectively allows 3D part 250
to be printed with an unbound length along the z-axis.
FIGS. 10-14 show system 430, which is a third example
additive manufacturing system having a wedge starter
piece and associated drive mechanism. As shown in FIG.
10, system 430 may operate in a similar manner to sys-
tem 230 (shown in FIGS. 6-9), where the reference num-
bers for the respective features are increased by "400"
from those of system 30 (shown in FIGS. 2-5) and by
"200" from those of system 230. In this embodiment, the
platen starter piece 292 of system 230 is replaced with
a wedge starter piece 492. Starter piece 492 is a print
foundation that is similar to starter piece 292, and in-
cludes wedge portion 496 (in lieu of platen portion 296)
and platform portion 498. Wedge portion 496 has a
sloped geometry that includes receiving surface 496a for
receiving the printed layers of support structure 452. Plat-
form portion 498 includes edge segments 502 and central
segment 504, and functions in the same manner as plat-
form portion 298 of start piece 292. Wedge portion 296
is integrally formed with or otherwise connected to plat-
form portion 298 at central segment 504, and does not
extend laterally to edge segments 502. As such, receiv-
ing surface 496a extends parallel to the x-y plane, and
at a right angle to platform portion 498, which extends in
the y-z plane.
[0061] Starter piece 292 (shown in FIGS. 6-9) and
starter piece 492 illustrate example starter pieces of the
present disclosure. Each starter piece of the present dis-
closure may include a platform portion and a receiving
surface, where the particular geometry for structurally
reinforcing the receiving surface relative to the platform
portion may vary. In embodiments in which the receiving
surface is small, no additional structural reinforcement is
necessary, and the starter piece may have an "L"-shaped
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or block-shaped geometry. As the size of the receiving
surface increases, one or more structural reinforcements
(e.g., reinforcing arms 300 and the sloped geometry of
wedge portion 496) may be desired to prevent the re-
ceiving surface from flexing or wobbling during printing
operations.
[0062] As shown in FIGS. 10 and 11, drive mechanism
494 is a wheel-based drive mechanism that functions in
the same manner as drive mechanism 294, and includes
two pairs of drive wheels 506, guide rails 508, and motor
510, where, in FIG. 7, guide rails 308 are illustrated with
cross hatching (and head gantry 242 is omitted) for ease
of viewability. Prior to the printing operation, platform por-
tion 498 of starter piece 492 may be inserted between
the pairs of drive wheels 506. Print head 440 may then
initially print one or more layers of support structure 452
onto receiving surface 496a, where the sloped geometry
of wedge portion 496 reinforces receiving surface 496a.
[0063] However, as shown in FIG. 12, receiving sur-
face 496a of wedge portion 496 has a small cross-sec-
tional area compared to receiving surfaces 36a and 296a,
and is also smaller than the combined footprint areas of
3D part 450 and scaffold 454. As such, in this embodi-
ment, support structure 452 may grow with an increasing
cross-sectional area in the x-y plane. This may be ac-
complished by printing the successive layers of support
structure 452 with increasing cross-sectional areas in the
x-y plane. For example, the successive layers of support
structure 452 may be printed with an angle of increasing
size (e.g., angle 526) up to about 45 degrees in any di-
rection from the z-axis without requiring support from the
previous layers.
[0064] Support structure 452 may grow with an in-
creasing cross-sectional area at least until it encompass-
es the footprint area of 3D part 450 and scaffold 454 (i.e.,
the cross-sectional area of 3D part 450 and scaffold 454
in the x-y build plane). Additionally, as best shown in
FIGS. 13A and 13B, the layers of support structure 452
may be printed to include edge segments 514 corre-
sponding to edge segments 502 of starter piece 492, and
alignment tabs 516 (shown in FIG. 13B) corresponding
to alignment tabs 512 of starter piece 492.
[0065] After each layer of support structure 452 is print-
ed, drive mechanism 494 may index starter piece 492
along the z-axis in the direction of arrow 286 by a single
layer increment in the same manner as discussed above
for starter piece 292 and drive mechanism 294. Thus,
the last printed layer of support structure 452 functions
as a print foundation receiving surface for 3D part 450
and scaffold 454. Print head 440 may then print layers
of 3D part 450 and scaffold 454, and optionally any ad-
ditional layers of support structure 452. As further shown
in FIGS. 13A and 13B, conveyor base 488 of scaffold
454 is printed to include edge segments 518 correspond-
ing to edge segments 502 and 514, and alignment tabs
520 corresponding to alignment tabs 512 and 516. As
drive wheels 506 continue to index starter piece 492 in
the direction of arrow 486, alignment tabs 516 of support

structure 452 and alignment tabs 520 of scaffold 454
eventually reach and slidably couple with guide rails 508
to maintain proper registration in the x-y plane. Further-
more, as illustrated by arrow 522 in FIG. 13A, drive
wheels 506 eventually pass edge segments 502 of starter
piece 492, and engage edge segments 514 and 518 to
continue to index support structure 450 and scaffold 454
in the direction of arrow 486.
[0066] As shown in FIG. 14, as drive mechanism 494
continues to index scaffold 454 in the direction of arrow
486, the successive layers of 3D part 450 and scaffold
454 to pass through the thermal gradient at port 458 and
move outside of chamber 434. Upon passing through
port 458, the printed layers may then cool down to the
ambient temperature outside of chamber 434 (e.g., room
temperature).
[0067] The printing operation may continue until the
last layer of 3D part 450 is printed, or, as discussed below,
additional 3D parts may be printed with the use of scaffold
454, where portions of scaffold 454 may function as print
foundation receiving surfaces for the additional 3D parts.
The use of starter piece 492 achieves the same benefits
as the use of starter piece 292 by reducing the overall
size of system 430, and allowing 3D part 450 to be printed
with an unbound length along the z-axis. In addition,
wedge portion 496 reduces the size and weight of starter
piece 492 relative to starter piece 292, and allows the
last layer of support structure 452 to function as a print
foundation receiving surface for 3D part 450 and scaffold
454.

Air Bearing For Horizontal Printing

[0068] FIG. 15 is a simplified side view of an additive
manufacturing system 630 configured to generate an air
bearing beneath a 3D part under construction, in accord-
ance with embodiments of the present disclosure. FIGS.
16 and 17 respectively are simplified side cross-sectional
and top views of a portion of the system 630 of FIG. 15,
in accordance with embodiments of the present disclo-
sure.
[0069] The additive manufacturing system 630 may
operate in a similar manner to system 30 (shown in FIGS.
2-5), system 230 (shown in FIGS. 6-9), and system 430
(shown in FIGS. 10-14), where the reference numbers
for the respective features are generally increased by
"600" from those of system 30, by "400" from those of
system 230, and by "200" from those of system 430.
Thus, the elements of the system 630 should be con-
strued as including one or more embodiments of the cor-
responding elements of systems 30, 230 and 430 de-
scribed herein, and the components of system 630 indi-
cated in FIGS. 15-17 may operate in accordance with
one or more embodiments of the corresponding elements
of systems 30, 230 and 430. The system 630 may also
incorporate components of the systems 30, 230 and 430
that are not illustrated in FIGS. 15-17.
[0070] For example, the additive manufacturing sys-
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tem 630 may include a print foundation 696, formed in
accordance with one or more embodiments described
herein. Accordingly, print foundation 696 may include a
starter piece 692 having a platform portion 698, a receiv-
ing surface 696a, and reinforcing arms 699, for example.
In some embodiments, the system 630 includes a drive
mechanism 694 configured to drive the print foundation
696, such as the platform portion 698 along the z-axis
(i.e., horizontal printing axis) in the direction of arrow 686
during a print operation to index the print foundation (e.g.,
starter piece 692) in response to the completion of a print-
ed layer by the print head 640 contained within a print
chamber 634. The drive mechanism 694 may include
drive wheels 606 that are driven by a motor 610, for ex-
ample.
[0071] The system 630 also includes a print head 640
that is configured to print one or more layers onto the
receiving surface 696a using consumable assemblies
644 and/or 646, in accordance with embodiments de-
scribed herein. For example, the print head 640 may print
3D part layers 650, support structure layers 652, scaffold
layers 654, and/or other printed layers to the surface
696a, in accordance with embodiments described here-
in. Each of these layers are oriented obliquely to the z-
axis, such as substantially perpendicular to the z-axis.
After a layer has been printed by the print head 640, the
drive mechanism 694 indexes the printed structure in the
direction 686 along the z-axis, allowing the print head
640 to commence printing the next layer.
[0072] The print head 640 and other components of
system 630 used to print the layers are located in a build
zone, such as, for example within a chamber 634. The
chamber 634 may be heated by a heating mechanism
656, and it may be open-sided, enclosed, or entirely
open. In the shown embodiment, during a print operation,
the print foundation 696 and the printed structure extend
through an output port 658 of the chamber 634, as these
components are driven along the z-axis in the direction
686 by drive mechanism 694.
[0073] The system 630 includes a controller 680, which
may operate in accordance with controller 80, and may
comprise one or more control circuits configured to mon-
itor and operate the components of system 630 to per-
form various functions described herein. The controller
680 may communicate over a communication line 682
with various devices of the system 630, such as chamber
634 (e.g., heating mechanism 656), print head 640, motor
610, sensors, calibration devices, display devices, user
input devices, and/or other devices of the system. The
system 630 and/or the controller 680 may also commu-
nicate with a computer 684, which is one or more com-
puter-based systems that may be separate from the sys-
tem 630, or alternatively may be an internal component
of the system 630. The computer 684 includes computer-
based hardware, such as data storage devices, proces-
sors, memory modules, and the like for generating and
storing tool path and related printing instructions. The
computer 684 may transmit these instructions to the sys-

tem 630 (e.g., to the controller 680) to perform printing
or other operations.
[0074] The system 630 includes a table 632 extending
along the z-axis, which may form the tables or surfaces
32, 232, and 432 shown in FIGS. 2, 3, 5-7, 9-11 and 14,
for example. The table 632 includes an air platen 700
that is configured to support a body 702 as the body 702
is driven along the z-axis by drive mechanism 694 in the
direction 686 during a print operation. Embodiments of
the body 702 include a printed body 702a, such as 3D
part 650, support structure 652, scaffold 654, and/or an-
other body that is printed in a layer-by-layer manner by
print head 640 of the additive manufacturing system 630.
As mentioned above, the 3D part 650, the support struc-
ture 652, and the scaffold 654 may be in accordance with
the corresponding embodiments discussed above for
systems 30, 230 and 430, such as 3D part 50, 250 and
450, support structure 52, 252 and 452, and scaffold 54,
254 and 454, for example. The body 702 may also include
a non-printed body 702b, such as starter piece 692, plat-
form portion 698, and/or another body that is not printed
by the print head 640, as shown in FIGS. 15-17, for ex-
ample. These components may be formed in accordance
with the embodiments described for the corresponding
components of the systems 30, 230 and 430.
[0075] The table 632 may include a support surface
704 in the build zone for supporting the chamber 634
and/or other components of system 630, such as print
head 640, drive mechanism 694 and motor 610. The sup-
port surface 704 is configured to convey the body 702 at
a level height to the air platen 700 as the body 702 ex-
tends beyond the build zone, such as through the port
658. Thus, the air platen 700 may be raised relative to
the support surface 704, as shown in FIG. 15.
[0076] Table 632 may include legs 706 (e.g., four or
more legs) for leveling and elevating its surfaces. Alter-
natively, table 632 may be supported on a separate table,
a bench, a floor, or other suitable structure.
[0077] The air platen 700 is configured to generate an
air bearing 710 which applies a lifting force to the body
702 and reduces sliding friction between a bottom sur-
face 713 of the body 702 and the table 632, and resist-
ance to indexing of the body 702 in the direction 686
along the z-axis by the drive mechanism 694. In some
embodiments, the force is sufficient to lift the body 702,
or portions thereof, from the table 632 resulting in the air
bearing 710 filling a gap between the bottom surface 713
of the body 702 and the air platen 700, as shown in FIG.
16, which further reduces resistance to indexing of the
body 702 in the direction 686 along the z-axis by the drive
mechanism 694.
[0078] The air platen 700 may be configured to gener-
ate air bearing 710 using any suitable technique. In the
shown embodiment, the air platen 700 comprises an ar-
ray of air jets 712 each having an air inlet 724 and an air
outlet aperture 726, as illustrated in FIGS. 15-17. The
velocity of air discharged by the air jets 712 may option-
ally be adjusted using the controller based on the weight
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of the body 702. The body 702, such as the bottom sur-
face 713, may also be adjusted to provide a sufficient
surface area in the y-z plane such that the pressure ap-
plied to the body 702 by the air jets 712 will raise the
body 702 off the table 632, or reduce the friction between
the bottom surface 713 and the table 632by a desired
amount.
[0079] In some embodiments, the table 632 includes
at least one pressure chamber 714 beneath the air platen
700 and enclosed by a chamber wall 723, and at least
one blower 716, as shown in FIG. 15. In some embodi-
ments, the air platen 700 forms a ceiling of the pressu-
rized chamber 714 (FIGS. 15 and 16). The one or more
blowers 716 are configured to drive an airflow, generally
shown as 718, along an airflow path 720 and into the
pressure chamber 714 through a port 722 of chamber
wall 723, as shown in FIG. 15. Any suitable blower 716
and configuration may be used to generate the desired
airflow 718. Thus, while the blower 716 is illustrated as
being external to the chamber 714, it is understood that
the blowers 716 used by the system 630 may be internal
to the chamber 714. Pressure chamber 714 is preferably
substantially sealed except for the air jets 712 provided
in air platen 700. As a result, pressurized air is forced
into the air inlets 724 and discharged through the aper-
tures 726 of air jets 712 in response to the airflow 718
driven into the pressure chamber 714 by the blower 716
to form the air bearing 710, as shown in FIG. 16. The
number and size of the apertures 726, and the spacing
between the apertures, may be selected to produce the
desired air pressure and air bearing 710 based on the
expected airflow 718 into the chamber 714.
[0080] In some embodiments, table 632 may be divid-
ed into multiple table sections, generally referred to as
734, that are linked together along the z-axis. For exam-
ple, the table 632 may include table sections 734a and
734b (FIG. 15), which may be joined together using any
suitable technique. Each of the table sections 734 may
be isolated from adjoining table sections by a divider wall,
such as wall 735 (phantom lines) between table sections
734a and 734b, as shown in FIG. 15. In some embodi-
ments, the pressure chamber 714 is divided into multiple
pressure chambers each corresponding to one of the ta-
ble sections 734. For example, table section 734a may
include a pressure chamber 714a, and table section 734b
may include a pressure chamber 714b, as shown in FIG.
15. In other embodiments, the pressure chambers 714
of adjoining table sections may be interconnected
through a suitable port, which is indicted by arrow 736,
such as through the dividing wall 735 between the table
sections, as shown in phantom lines in FIG. 15. This al-
lows a single blower 716 or airflow 718 to be used to
pressurize the interconnected pressure chambers 714,
such as through the port 722, for example.
[0081] One or more blowers 716 may be used to drive
one or more of the airflows 718 into the one or more
pressure chambers 714 for the air platen 700 at each
respective table section 734. In some embodiments, a

single blower 716 may be used to drive separate airflows
into multiple pressure chambers 714 by dividing the air
pathway 720 into separate branches for each pressure
chamber 714. For example, the air pathway 720 may be
divided into a branch 720a (solid lines) that is coupled to
the port 722 of the pressure chamber 714a, and a branch
720b that is coupled to a port 722b of the pressure cham-
ber 714b, as indicated in phantom lines in FIG. 15. The
airflow 718 generated by the blower 716 is then divided
into an airflow 718a through air pathway 720a and an
airflow 718b through air pathway 720b. The airflows 718a
and 718b pressurize the corresponding chambers 714a
and 714b and generate corresponding air bearing 710
at their respective air platens 700 of the table sections
734a and 734b.
[0082] Airflows 718 may also be driven into the indi-
vidual pressure chambers 714 of the table sections 734
using separate blowers 716. For example, blower 716
may be used to drive the airflow 718 or 718a into pressure
chamber 714a, while a blower 716’ may be used to drive
an airflow 718’ into pressure chamber 714b of the table
section 734b, as shown in phantom lines in FIG. 15.
[0083] In summary, the table 632 may be comprised
of several table sections 734 that are linked together and
extend along the z-axis from the build environment. The
table sections 734 may include separate and/or intercon-
nected pressure chambers 714. Airflows 718 may be
driven into the pressure chambers 714 of the table sec-
tions 734 using one or more blowers 716. The generated
air flow is distributed across the apertured surface of the
table 632 to generate air bearing 710, similar to that of
an air hockey table. The 3D part under construction is
supported on the air bearing 710 as it is incremented
from the build zone. The air bearing 710 reduces friction
on the 3D part and/or its print foundation to practically
zero. Hence there is reduced drag on the motor and/or
other drive mechanisms that move the 3D part through
the printer. Some embodiments of the present disclosure
are directed to a method of printing three-dimensional
parts with an additive manufacturing system, such as us-
ing the additive manufacturing system 630 described
above. In the method, a body 702a, such as a three-
dimensional part 650, a support structure 652, scaffold-
ing 654, and/or another body, is printed in a layer-by-
layer manner along the z-axis onto a print foundation
696, such as that of a non-printed body 702b, within a
build zone, such as, for example, the chamber 634, as
shown in FIG. 15. The print foundation 696, the printed
body 702a, and/or the non-printed body 702b are indexed
along the z-axis beyond the build zone, such as through
a port 658 of the chamber 634, for example, using a drive
mechanism 694 during the printing of the body 702a. A
portion of the printed body 702a, and/or the non-printed
body 702b extends through the port 658 over a table 632
and is supported on an air bearing 710 formed by a plu-
rality of air jets 712, during the indexing of the printed
body 702a and/or the non-printed body 702b along the
z-axis, as shown in FIGS. 15-17.
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[0084] In some embodiments of the method, the bodies
702a and/or 702b are supported by driving at least one
airflow 718 into at least one pressure chamber 714 of the
table 632 using at least one blower 716, and discharging
the plurality of air jets 712 through apertures 726 in an
air platen 700 of the table 632 in response to driving the
at least one airflow 718. As discussed above, the table
632 may include multiple table sections 734 each having
their own isolated pressure chamber (e.g., pressure
chambers 714a and 714b), or connected pressure cham-
bers 714 (e.g., through port 736). Although the present
disclosure has been described with reference to pre-
ferred embodiments, workers skilled in the art will recog-
nize that changes may be made in form and detail without
departing from the spirit and scope of the disclosure.

Claims

1. An additive manufacturing system for printing 3D
parts, the system comprising:

a print foundation;
a print head provided in a build zone and con-
figured to print a 3D part onto the print foundation
in a layer-by-layer manner;
a drive mechanism configured to index the print
foundation along a horizontal axis during print-
ing of the 3D part; and
a table extending along the horizontal axis, the
table comprising an air platen configured to gen-
erate an air bearing beneath a portion of the 3D
part being printed as it advances from the build
zone, the air platen comprising a plurality of air
jets terminating in apertures.

2. The system of claim 1, wherein the table further com-
prises:

a pressure chamber in fluid communication with
the plurality of air jets;
a blower configured to drive an airflow into the
pressure chamber.

3. The system of claim 1, wherein the table comprises
a plurality of table sections extending along the hor-
izontal axis.

4. The system of claim 3, wherein each table section
comprises:

an air platen configured to generate an air bear-
ing beneath a portion of the 3D part being printed
as it advances from the build zone, the air platen
comprising a plurality of air jets terminating in
upward-facing apertures; and
a pressure chamber.

5. The system of claim 4, and further comprising a blow-
er configured to cause an airflow into at least one of
the pressure chambers of the table sections.

6. The system of claim 5, wherein the pressure cham-
bers of two or more of the table sections are con-
nected through an opening.

7. The system of claim 4, comprising a plurality of blow-
ers each configured to drive an airflow into at least
one of the pressure chambers of the table sections.

8. The system of claim 1, wherein the print foundation
comprises a starter piece, and wherein the drive
mechanism engages the starter piece at least at the
beginning of the printing process.

9. The system of claim 1, further comprising a heated
print chamber having chamber walls and a port ex-
tending through one of the chamber walls, wherein:

at least one of the chamber walls has a port ex-
tending therethrough;
the build zone is in the print chamber;
the drive mechanism is configured to index the
print foundation along the horizontal axis and
through the port; and
the table is positioned adjacent the port and is
configured to support the portion of the 3D part
extending through the port on the air bearing.

10. A method of printing 3D parts with an additive man-
ufacturing system, the method comprising:

printing a 3D part onto a print foundation in a
layer-by-layer manner;
indexing the print foundation along a horizontal
axis using a drive mechanism during printing the
3D part; and
supporting a portion of the 3D part on an air bear-
ing on a table surface formed by a plurality of air
jets during indexing of the print foundation along
the horizontal axis.

11. The method of claim 10, wherein supporting the por-
tion of the 3D part comprises:

driving an airflow into a pressure chamber of the
table using a blower; and
forming the air bearing comprising discharging
air through apertures in the air platen of the table
in response to driving the airflow.

12. The method of clam 11, wherein:

the table comprises a plurality of table sections
extending along the horizontal axis, each table
section including:
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an air platen; and
a pressure chamber;

wherein the air platen forms a ceiling of the pres-
sure chamber and includes an array of air jet
apertures;
supporting the portion of the 3D part comprises:

driving at least one airflow into at least one
of the pressure chambers of the table sec-
tions using at least one blower; and
forming the air bearing comprising dis-
charging air through apertures in the air plat-
en of the table in response to driving the
airflow.

13. The method of claim 12, wherein driving at least one
airflow comprises driving the at least one airflow into
the pressure chambers of the plurality of table sec-
tions using the at least one blower.

14. The method of claim 10, wherein:

printing the 3D part comprises printing the 3D
part within a chamber using a print head; and
supporting the portion of the 3D part comprises
supporting the portion of the 3D part extending
through a port of the chamber on the air bearing
during indexing of the print foundation along the
horizontal axis.

15. The method of claim 10, further comprising adjusting
a velocity of the air jets based on the weight of the
3D part.
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