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(54) Extrusion apparatus and method

(57) One aspect of the disclosure relates to an ap-
paratus (320) including an extrusion nozzle (300). The
nozzle (300) includes an inlet end, an outlet end opposite
the inlet end and an axis (303) extending between the
inlet end and the outlet end. The extrusion nozzle (300)
is configured to rotate about the axis (303). The extrusion
nozzle (300) also includes a rotary drive engagement

portion (305) between the inlet end and the outlet end.
The extrusion nozzle (300) further includes a cavity (304)
including an inlet opening (304A) at the inlet end and an
outlet opening (304B) at the outlet end. The inlet opening
(304A) has a different configuration than the outlet open-
ing (304B).
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Description

BACKGROUND

[0001] Fused deposition modelling includes extruding
material from a nozzle and depositing the material onto
a platform in layers or beads. The outlet orifices of most
commercially available extrusion nozzles are circular,
thus limiting the contact area between the deposited lay-
ers and, accordingly, reducing the strength of the final
part. In some instances, the nozzles are provided with
non-circular orifices. However, such nozzles are oriented
relative to the workpiece using passive orientation tech-
niques. For example, nozzle-to-workpiece orientation
may be passively provided by a trowel guide that extends
from the nozzle and follows the side surface of a previ-
ously deposited bead of material. Nozzles including a
trowel guide may limit the shapes of the parts produced
by fused deposition modelling because the trowel guide
may not be able to follow the contours of the workpiece
precisely and may dig into the previously deposited ma-
terial as the nozzle is moved along the workpiece, dam-
aging the workpiece and/or the nozzle.

SUMMARY

[0002] Accordingly, an extrusion apparatus and meth-
od, intended to address the above-identified concerns,
would find utility.
[0003] One example of the present disclosure relates
to an apparatus including an extrusion nozzle. The nozzle
includes an inlet end, an outlet end opposite the inlet end
and an axis extending between the inlet end and the out-
let end. The extrusion nozzle is configured to rotate about
the axis. The extrusion nozzle also includes a rotary drive
engagement portion between the inlet end and the outlet
end. The extrusion nozzle further includes a cavity in-
cluding an inlet opening at the inlet end and an outlet
opening at the outlet end. The inlet opening may have a
different configuration than the outlet opening (e.g. the
inlet opening may have a different size or shape than the
outlet opening).
[0004] One example of the present disclosure relates
to a method of extruding material. The method includes
providing an extrusion nozzle that includes a rotary drive
engagement portion, an inlet end, an inlet opening at the
inlet end, an outlet end, and an outlet opening at the outlet
end. The method also includes moving the extrusion noz-
zle along a tool path and simultaneously rotating the ex-
trusion nozzle about a rotary axis using the rotary drive
engagement portion to maintain the outlet opening of the
extrusion nozzle in a predetermined orientation relative
to the tool path while extruding material from the outlet
opening.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Having thus described examples of the disclo-

sure in general terms, reference will now be made to the
accompanying drawings, which are not necessarily
drawn to scale, and wherein like reference characters
designate the same or similar parts throughout the sev-
eral views, and wherein:

Fig. 1 is a flow diagram of aircraft production and
service methodology in accordance with aspects of
the present disclosure;

Fig. 2 is a block diagram of an aircraft;

Fig. 3 is a block diagram of an apparatus according
to one aspect of the present disclosure;

Fig. 4 is a schematic illustration of a extrusion nozzle
of the apparatus of Fig. 3 according to one aspect
of the present disclosure;

Fig. 5 is a schematic illustration of a portion of the
extrusion nozzle of the apparatus of Fig. 3 according
to one aspect of the present disclosure;

Fig. 6 is a schematic side perspective view of the
extrusion nozzle of the apparatus of Fig. 3 according
to one aspect of the present disclosure;

Fig. 7 is a schematic bottom perspective view of the
extrusion nozzle of the apparatus of Fig. 6 according
to one aspect of the present disclosure;

Fig. 8 is a schematic bottom plan view of the extru-
sion nozzle of the apparatus of Fig. 7 according to
one aspect of the present disclosure;

Fig. 8A is a schematic bottom elevation view of the
extrusion nozzle of the apparatus of Fig. 3 according
to one aspect of the present disclosure;

Fig. 9 is a schematic illustration of the apparatus of
Fig. 3 according to one aspect of the present disclo-
sure;

Fig. 10 is a schematic perspective view of a detail of
the apparatus of Fig. 3 according to one aspect of
the present disclosure;

Fig. 10A is a schematic perspective view of a detail
of the apparatus of Fig. 3 according to one aspect
of the present disclosure;

Fig. 11 is a schematic side elevation view of a detail
of the apparatus of Fig. 3 according to one aspect
of the present disclosure;

Fig. 12 is a schematic illustration of the extrusion
nozzle and a heating element of Fig. 3 according to
one aspect of the present disclosure;
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Fig. 13 is a schematic illustration of a portion of the
extrusion nozzle of Fig. 3 depositing material along
a tool path according to one aspect of the present
disclosure;

Fig. 14 is a schematic illustration of deposited ma-
terial in accordance one aspect of the present dis-
closure; and

Fig. 15 is a block diagram of a method of extruding
material according to one aspect of the present dis-
closure.

[0006] In the block diagram(s) referred to above, solid
lines connecting various elements and/or components
may represent mechanical, electrical, fluid, optical, elec-
tromagnetic and other couplings and/or combinations
thereof. As used herein, "coupled" means associated di-
rectly as well as indirectly. For example, a member A
may be directly associated with a member B, or may be
indirectly associated therewith, e.g., via another member
C. Couplings other than those depicted in the block dia-
gram(s) may also exist. Dashed lines, if any, connecting
the various elements and/or components represent cou-
plings similar in function and purpose to those represent-
ed by solid lines; however, couplings represented by the
dashed lines are either selectively provided or relate to
alternative or optional aspects of the disclosure. Like-
wise, any elements and/or components, represented
with dashed lines, indicate alternative or optional aspects
of the disclosure. Environmental elements, if any, are
represented with dotted lines.

DETAILED DESCRIPTION

[0007] In the following description, numerous specific
details are set forth to provide a thorough understanding
of the disclosed concepts, which may be practiced with-
out some or all of these particulars. In other instances,
details of known devices and/or processes have been
omitted to avoid unnecessarily obscuring the disclosure.
While some concepts will be described in conjunction
with specific examples, it will be understood that these
examples are not intended to be limiting.
[0008] Reference herein to "one example" or "one as-
pect" means that one or more feature, structure, or char-
acteristic described in connection with the example or
aspect is included in at least one implementation. The
phrase "one example" or "one aspect" in various places
in the specification may or may not be referring to the
same example or aspect.
[0009] Examples of the disclosure may be described
in the context of an aircraft manufacturing and service
method 100 as shown in Fig. 1 and an aircraft 102 as
shown in Fig. 2. During pre-production, illustrative meth-
od 100 may include specification and design 104 of the
aircraft 102 and material procurement 106. During pro-
duction, component and subassembly manufacturing

108 and system integration 110 of the aircraft 102 take
place. Thereafter, the aircraft 102 may go through certi-
fication and delivery 112 to be placed in service 114.
While in service by a customer, the aircraft 102 is sched-
uled for routine maintenance and service 116 (which may
also include modification, reconfiguration, refurbish-
ment, and so on).
[0010] Each of the processes of the illustrative method
100 may be performed or carried out by a system inte-
grator, a third party, and/or an operator (e.g., a customer).
For the purposes of this description, a system integrator
may include, without limitation, any number of aircraft
manufacturers and major-system subcontractors; a third
party may include, without limitation, any number of ven-
dors, subcontractors, and suppliers; and an operator may
be an airline, leasing company, military entity, service
organization, and so on.
[0011] As shown in Fig. 2, the aircraft 102 produced
by the illustrative method 100 may include an airframe
118 with a plurality of high-level systems 120 and an in-
terior 122. Examples of high-level systems 120 include
one or more of a propulsion system 124, an electrical
system 126, a hydraulic system 128, and an environmen-
tal system 130. Any number of other systems may be
included. Although an aerospace example is shown, the
principles of the disclosure may be applied to other in-
dustries, such as the automotive and ship-building indus-
tries, among others.
[0012] Apparatus and methods shown or described
herein may be employed during any one or more of the
stages of the manufacturing and service method 100.
For example, components or subassemblies corre-
sponding to component and subassembly manufacturing
108 may be fabricated or manufactured in a manner sim-
ilar to components or subassemblies produced while the
aircraft 102 is in service. Also, one or more aspects of
the apparatus, method, or a combination thereof may be
utilized during the production stages 108 and 110, for
example, by substantially expediting assembly of or re-
ducing the cost of the aircraft 102. Similarly, one or more
aspects of the apparatus or method realizations, or a
combination thereof may be utilized, for example and
without limitation, while the aircraft 102 is in service, e.g.,
maintenance and service 116.
[0013] Referring to Figs. 3-13 and in particular Fig. 3,
one example of the present disclosure relates to an ap-
paratus 320 including an extrusion nozzle 300. The noz-
zle includes an inlet end 301, an outlet end 302 opposite
the inlet end 301, and an axis 303, extending between
the inlet end 301 and the outlet end 302. The extrusion
nozzle 300 is configured to rotate about the axis 303.
The extrusion nozzle 300 also includes a rotary drive
engagement portion 305 between the inlet end 301 and
the outlet end 302. The extrusion nozzle 300 further in-
cludes a cavity 304, including an inlet opening 304A at
the inlet end 301 and an outlet opening 304B at the outlet
end 302. The inlet opening 304A has a different config-
uration than the outlet opening 304B. In one aspect of
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the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the extrusion nozzle is monolith-
ic.
[0014] Referring to Fig. 8A, in one aspect of the dis-
closure, which may include at least a portion of the sub-
ject matter of any of the preceding and/or following ex-
amples and aspects, the inlet opening 304A of the cavity
304 has a non-circular shape. The non-circular shape
may be any suitable shape, such as rectangular, trian-
gular, or any other shape to facilitate entry of material
720 (Fig. 9) into the cavity 304 when the material 720 is
in the form of a filament with a cross-section having a
mating non-circular shape. Referring to Figs. 4, 6, 7, and
8, in one aspect of the disclosure, which may include at
least a portion of the subject matter of any of the preced-
ing and/or following examples and aspects, the inlet
opening 304A of the cavity 304 has a circular shape that
facilitates entry of the material 720 (e.g., Fig. 9) into the
cavity 304 when the material 720 is in the form of a fila-
ment with a cross-section also having a circular shape.
[0015] Referring, e.g., to Fig. 5, in one aspect of the
disclosure, which may include at least a portion of the
subject matter of any of the preceding and/or following
examples and aspects, the outlet opening 304B of the
cavity 304 has a non-circular shape configured, as shown
in Fig. 14, to deposit beads 1210 of the material 720
where each of the beads 1210 has, e.g., a rectangular
cross-section so that the bottom sides S4 of the subse-
quently deposited beads 1210 are parallel with the top
sides S3 of the previously deposited beads 1210, maxi-
mizing the contact area between the deposited layers
and, accordingly, increasing the strength of the final part,
as will be described in greater detail below.
[0016] Referring once again to Fig. 5 and Figs. 13 and
14, in one aspect of the disclosure, which may include
at least a portion of the subject matter of any of the pre-
ceding and/or following examples and aspects, the outlet
opening 304B of the cavity 304 is a non-planar opening,
such that the outlet opening 304B is formed in more than
one portion of the extrusion nozzle 300. In one aspect of
the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the non-planar opening of the
outlet opening 304B is formed at least partly on a side
portion 410 of the extrusion nozzle 300 and is configured
to extrude material 720 in a direction angled relative to
the axis 303 so that the extruded material 720 is laid
down on a previously deposited layer 1201 (Fig. 14) with-
out stretching/thinning the extruded material 720 due to,
for example, friction between the extruded material and
the previously deposited layer 1201 and to promote an
increased area of adhesion between layers (e.g. due to
a lack of stretching of the material 720 as it is deposited).
In addition to the side portion 410, the outlet opening may
also be formed on a front portion 411.
[0017] Referring to Fig. 4, in one aspect of the disclo-
sure, which may include at least a portion of the subject

matter of any of the preceding and/or following examples
and aspects, the outlet opening 304B of the cavity 304
has a circular shape for depositing beads of material,
e.g., into channels or grooves have a semi-circular cross-
section. Referring to Fig. 7, in one aspect, the outlet open-
ing 304B may be a planar opening configured to extrude
material 720 in a direction substantially along or substan-
tially parallel with the axis 303.
[0018] Referring to Figs. 4, 6, 7 and 8, in one aspect
of the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, at least a portion of the cavity
304 includes a circular cross-section, e.g., to facilitate
entry of the material 720 (e.g., Fig. 9) into the cavity 304
when the material 720 is in the form of a filament with a
cross-section having a circular shape. In one example,
illustrated in Fig. 4, the cavity 304 has a circular cross-
section along its entire length. In another example, illus-
trated in Figs. 6-8, the cavity has a circular cross-section
along a portion of its length.
[0019] Referring once again to Figs. 6-8, in one aspect
of the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the cavity 304 includes a non-
circular cross section along a portion of its length, e.g.,
so that the cavity 304 mates with the outlet opening 304B
when the outlet opening 304B has a corresponding non-
circular shape. The circular and non-circular portions of
the cavity 304 have a blended interface to facilitate the
flow of the material 720 through the cavity. Alternatively,
the cavity 304 may have a non-circular cross section
along its entire length. In accordance with aspects of the
present disclosure, the circular and/or non-circular cross
section of the cavity may allow for different inlet opening
and outlet opening shapes.
[0020] Referring, e.g., to Figs. 6-8A, in one aspect of
the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the cavity 304 has a path 400
that is substantially linear to provide increased volumetric
flow of the material 720 through the cavity 304. Referring
to Figs. 4 and 12, in one aspect of the disclosure, which
may include at least a portion of the subject matter of any
of the preceding and/or following examples and aspects,
the path 400 is substantially non-linear. For example, re-
ferring to Fig. 4, in one aspect of the disclosure, which
may include at least a portion of the subject matter of any
of the preceding and/or following examples and aspects,
the path 400 of the cavity 304 is a tortuous path. Still
referring to Fig. 4, in one aspect of the disclosure, which
may include at least a portion of the subject matter of any
of the preceding and/or following examples and aspects,
a length of the cavity 304 is greater than a length L1 of
the extrusion nozzle 300. This configuration maximizes
heat exposure (discussed below) of the material 720 ex-
truded through the cavity 304, allowing a reduction in the
length of the nozzle 300 and/or the amount of energy
required for heating the nozzle 300 and the material 720,
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which promotes compactness of the apparatus 320. In
one aspect of the disclosure, which may include at least
a portion of the subject matter of any of the preceding
and/or following examples and aspects, the path 400 is
a spiral path that serves to accommodate, inter alia, cen-
tral placement of a heating element (described in detail
below) inside the extrusion nozzle 300, making the as-
sembly more compact and promoting uniform heat dis-
tribution within the extrusion nozzle 300.
[0021] Referring to, e.g., Figs. 3, 4, 6, 7,and 12, in one
aspect of the disclosure, which may include at least a
portion of the subject matter of any of the preceding
and/or following examples and aspects, the cavity 304
includes a taper 304T, inter alia, to avoid an excessive
pressure drop along the cavity 304. Accordingly, in one
aspect of the disclosure, which may include at least a
portion of the subject matter of any of the preceding
and/or following examples and aspects, the cavity 304
is narrower near the outlet end 302 than near the inlet
end 301. In one aspect of the disclosure, which may in-
clude at least a portion of the subject matter of any of the
preceding and/or following examples and aspects, the
taper 304T is smooth to promote uniform flow of the ma-
terial 720 along the cavity 304.
[0022] Referring to Figs. 10, 10A, and 11, respectively,
in one aspect of the disclosure, which may include at
least a portion of the subject matter of any of the preced-
ing and/or following examples and aspects, the rotary
drive engagement portion 305 of the extrusion nozzle
300 includes one of a pulley 305B, a sprocket 305C, or
a gear 305A. In one aspect of the disclosure, which may
include at least a portion of the subject matter of any of
the preceding and/or following examples and aspects,
the rotary drive engagement portion 305 is symmetric
about the axis 303. For example, each of the pulley 305B,
the sprocket 305C, or the gear 305A may be circular in
shape and may have a rotational symmetry axis coinci-
dent with the axis 303. In one aspect of the disclosure,
which may include at least a portion of the subject matter
of any of the preceding and/or following examples and
aspects, the rotary drive engagement portion 305 at least
partially circumscribes the axis 303. In other words, with
the nozzle 300 in a stationary state, the rotary drive en-
gagement portion 305 may span an angle of less than
360 degrees relative to the axis 303.
[0023] Referring to Figs. 3, 4, and 12, in one aspect of
the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the apparatus 320 further in-
cludes at least one heating element 315, thermally cou-
pled with the extrusion nozzle 300. One or more heating
elements 315 may be located in various suitable orien-
tations relative to the extrusion nozzle 300. For example,
as shown in Fig. 4, the heating element or elements 315
may be located within the extrusion nozzle 300 or, as
illustrated in Fig. 12, may be external to the extrusion
nozzle 300. As shown in Fig. 12, in one aspect of the
disclosure, which may include at least a portion of the

subject matter of any of the preceding and/or following
examples and aspects, the heating element 315 is farther
from the axis 303 than the cavity 304. For example, the
heating element 315 may be externally adjacent the side
portion 410 of the extrusion nozzle 300. As shown in Fig.
4, in one aspect of the disclosure, which may include at
least a portion of the subject matter of any of the preced-
ing and/or following examples and aspects, the heating
element 315 may be positioned at least partially within
the extrusion nozzle so that the cavity 304 surrounds the
at least one heating element 315. Referring, for example,
to Fig. 4, in one aspect of the disclosure, which may in-
clude at least a portion of the subject matter of any of the
preceding and/or following examples and aspects, the
path 400 of the cavity 304 is a spiral path positioned
around the at least one heating element 315, which may
be disposed at least partially within the extrusion nozzle
300.
[0024] Referring to Fig. 9, in one aspect of the disclo-
sure, which may include at least a portion of the subject
matter of any of the preceding and/or following examples
and aspects, the apparatus 320 is a three-dimensional
printing system that includes a build platform 323 having
a build plane 700. The apparatus 320 also includes a
print unit 310 that includes the extrusion nozzle 300. The
print unit 310 and the build platform 323 are movable
relative to each other. The apparatus 320 may include a
frame 320F to which the build platform 323 and print unit
310 are mounted. In one aspect of the disclosure, which
may include at least a portion of the subject matter of any
of the preceding and/or following examples and aspects,
the print unit 310 further includes a rotatory drive 314,
configured to engage the rotary drive engagement por-
tion 305 of the extrusion nozzle 300 and to rotate the
extrusion nozzle 300 about the axis 303. Referring to
Figs. 10, 10A, and 11, respectively, the rotary drive 314
may include one of a pulley 314B, a sprocket 314C, or a
gear 314A configured engage a corresponding one of
the pulley 305B, the sprocket 305C, or the gear 305A of
the rotary drive engagement portion 305. In one aspect
of the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the rotary drive 314 is configured
to directly drive the rotary drive engagement portion 305
of the extrusion nozzle 300. Referring to Figs. 10 and
10A, respectively, in one aspect, the rotary drive 314 may
engage the rotary drive engagement portion 305 through
a belt 800 or chain 800A. Referring to Fig. 11, in another
aspect of the disclosure, the rotary drive 314 engages
the rotary drive engagement portion 305 through a direct
gear drive. In still other aspects, the rotary drive 314 may
drive the rotary drive engagement portion 305 through
any suitable transmission, such as a gear box (not
shown), so that the rotary drive engagement portion 305
rotates faster or slower than the rotary drive 314.
[0025] Referring to Figs. 10 and 11, the print unit 310
may include a frame 310F that is movably mounted to
the frame 320F. The extrusion nozzle 300 may be mov-
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ably mounted to the frame 310F. Referring to Figs. 9, 11,
and 12, in one aspect of the disclosure, which may in-
clude at least a portion of the subject matter of any of the
preceding and/or following examples and aspects, the
print unit 310 includes a feed unit 313 configured to pro-
vide the material 720 into the inlet opening 304A of the
extrusion nozzle 300. For example, the feed unit 313 may
include drive wheels 313W that frictionally engage the
material 720 or are otherwise configured to move the
material 720 from a material source 720S (e.g., a spool)
and feed the material 720 into the inlet opening 304A of
the extrusion nozzle 300, where it may be softened or
otherwise liquefied in any suitable manner, such as by
one or more heating elements 315. In other aspects, the
material may be softened or otherwise liquefied by the
feed unit prior to entering the extrusion nozzle.
[0026] Referring to Figs. 3 and 9, in one aspect of the
disclosure, which may include at least a portion of the
subject matter of any of the preceding and/or following
examples and aspects, the print unit 310 includes a first
linear (X-axis) drive 311 and a second linear (Y-axis)
drive 312, configured to move the extrusion nozzle 300
in the build plane 700, e.g., along the frame 310F. In one
example, the first linear drive 311 may be connected to
the frame 310F and the second linear drive 312 may be
connected to the frame 320F (or 310F) in any suitable
manner, such as through any suitable drive transmission
so that that the first linear drive 311 and the second linear
drive 312 effect movement of the extrusion nozzle 300
in the X and Y directions, as illustrated, e.g., in Fig. 9.
For example, the first linear drive 311 may mounted to
the frame 310F and move the extrusion nozzle 300 along
the frame 310F in the X-direction relative to the build
platform 323. The second linear drive 312 may be mount-
ed to frame 320F (or frame 310F) and move frame 310F
relative to frame 320F so that the extrusion nozzle 300
is moved in the Y-axis direction relative to the build plat-
form 323. In one aspect of the disclosure, which may
include at least a portion of the subject matter of any of
the preceding and/or following examples and aspects,
the apparatus 320, e.g. the three dimensional printing
system, also includes a third linear (Z-axis) drive 322
configured to move the build platform 323 in a direction
substantially perpendicular to the build plane 700. In one
example, the third linear drive 322 may be connected to
the frame 320F. As shown in Fig. 9, for example, the build
plane 700 may be an X-Y plane. The third linear drive
322 may be configured to move the build platform 323
along the Z-axis using any suitable linear drive mecha-
nism. Referring to Figs. 3 and 9, in one aspect of the
disclosure, which may include at least a portion of the
subject matter of any of the preceding and/or following
examples and aspects, the apparatus 320, e.g. three di-
mensional printing system, includes a controller 321,
configured to control a motion of the extrusion nozzle 300
and extrusion of material 720 onto the build platform 323.
In one example, the extrusion nozzle 300 may move in
the build plane 700. For example the first, second and

third linear drives 311, 312, 322 and the feed unit 313
may be operatively connected to the controller 321 for
moving the extrusion nozzle 300 and controlling, for ex-
ample, a flow rate of material 720 extruded from the ex-
trusion nozzle 300.
[0027] Referring to Figs. 3, 9, 13, 14, and in particular
to Fig. 15, one example of the present disclosure relates
to a method of extruding material, e.g., the material 720.
The method includes providing the extrusion nozzle 300
that includes the rotary drive engagement portion 305,
the inlet end 301, the inlet opening 304A at the inlet end
301, the outlet end 302, and the outlet opening 304B at
the outlet end 302 (Fig. 15, Block 1500). The method
also includes moving the extrusion nozzle 300 along the
tool path 710 and simultaneously rotating the extrusion
nozzle 300 about the rotary axis 303 using the rotary
drive engagement portion 305 to maintain the outlet
opening 304B of the extrusion nozzle 300 in a predeter-
mined orientation relative to the tool path 710 (Fig. 15,
Block 1501) while extruding material 720 from the outlet
opening 304B (Fig. 15, Block 1502).
[0028] The disclosure and drawing figure(s) describing
the operations of the method(s) set forth herein should
not be interpreted as necessarily determining a sequence
of such operations. Rather, although one illustrative order
is indicated, it is to be understood that the sequence of
the operations may be modified when appropriate. Ac-
cordingly, certain operations may be performed in a dif-
ferent order or simultaneously. Additionally, in some as-
pects of the disclosure, not all operations described here-
in need be performed.
[0029] Referring to Figs. 9, 13, and 14, in one aspect
of the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the method also includes moving
the extrusion nozzle 300 in the build plane 700 of the
three dimensional printing system, i.e., the apparatus
320, along, for example, the tool path 710 so that layers
1200, 1201 of material 720 are deposited (Fig. 15, Block
1505). Referring to Fig. 14, in one aspect of the disclo-
sure, which may include at least a portion of the subject
matter of any of the preceding and/or following examples
and aspects, the method also includes extruding the ma-
terial 720 as the bead 1210 having a generally rectan-
gular cross-section (Fig. 15, Block 1506). Each of the
beads 1210 includes four sides S1-S4. As illustrated in
Fig. 14, cross-sectional dimensions of two of the sides
S3, S4 are greater than those of the other two sides S1,
S2. In other aspects, the cross-sectional dimensions of
the sides S 1-S4 may have substantially the same length.
In still other aspects, the cross-sectional dimensions of
the sides S3, S4 may be shorter than those of the other
two sides S1, S2. In one aspect of the disclosure, which
may include at least a portion of the subject matter of any
of the preceding and/or following examples and aspects,
the method also includes maintaining the outlet opening
304B tangent to the tool path 710, so that the lateral sides
S1, S2 of the beads 1210 are substantially aligned with
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the tool path 710 and/or the lateral sides S1, S2 of pre-
viously deposited beads 1210 (Fig. 15, Block 1507).
[0030] As shown in Fig. 13, in one aspect of the dis-
closure, which may include at least a portion of the sub-
ject matter of any of the preceding and/or following ex-
amples and aspects, the method also includes extruding
the material 720 in a direction non-parallel to the rotary
axis 303 (Fig. 15, Block 1508). In one example, the ma-
terial 720 may exit the outlet opening 304B of the extru-
sion nozzle 300 in a direction generally perpendicular to
the axis 303. In one aspect of the disclosure, which may
include at least a portion of the subject matter of any of
the preceding and/or following examples and aspects,
the method also includes extruding the material 720 sub-
stantially parallel with the rotary axis 303, so that the ma-
terial 720 may be driven under a pressure, e.g. by the
extrusion from the outlet opening 304B, into the previ-
ously deposited layer 1210, which may improve adhesion
between the layers (Fig. 15, Block 1509).
[0031] In one aspect of the disclosure, which may in-
clude at least a portion of the subject matter of any of the
preceding and/or following examples and aspects, the
method also includes controlling a flow rate of the mate-
rial 720 extruded from the outlet opening 304B with the
controller 321, e.g., to maintain predetermined pressure
in the cavity 304 and to control the amount of material
being deposited (Fig. 15, Block 1510). In one aspect of
the disclosure, which may include at least a portion of
the subject matter of any of the preceding and/or following
examples and aspects, the method also includes main-
taining an outlet pressure at the outlet opening 304B that
is at least as high as an inlet pressure at the inlet opening
304A (Fig. 15, Block 1511). In one aspect of the disclo-
sure, which may include at least a portion of the subject
matter of any of the preceding and/or following examples
and aspects, the method also includes maintaining a sub-
stantially linear pressure gradient between the inlet end
301 and the outlet end 302 (Fig. 15, Block 1512). In one
aspect, the outlet pressure and/or pressure gradient may
be maintained by controlling the flow rate of material 720
and/or by the taper of the cavity 304.
[0032] In one aspect of the disclosure, which may in-
clude at least a portion of the subject matter of any of the
preceding and/or following examples and aspects, the
method also includes forming the extrusion nozzle 300
by additive metal fabrication (Fig. 15, Block 1513). In one
aspect of the disclosure, which may include at least a
portion of the subject matter of any of the preceding
and/or following examples and aspects, the extrusion
nozzle 300 is formed by laser sintering (Fig. 15, Block
1514). In one aspect of the disclosure, which may include
at least a portion of the subject matter of any of the pre-
ceding and/or following examples and aspects, the ex-
trusion nozzle 300 is formed as a monolithic member
(Fig. 15, Block 1515).
[0033] Illustrative, non-exhaustive examples, which
may or may not be claimed, of the subject matter accord-
ing to the present disclosure are provided in clauses A1-

B44, below.

A1. An apparatus comprising:

an extrusion nozzle including

an inlet end;

an outlet end opposite the inlet end;

an axis extending between the inlet end and
the outlet end, wherein the extrusion nozzle
is configured to rotate about the axis;

a rotary drive engagement portion between
the inlet end and the outlet end; and

a cavity including an inlet opening at the inlet
end and an outlet opening at the outlet end,
wherein the inlet opening has a different
configuration than the outlet opening.

A2. The apparatus of clause A1, wherein the cavity
includes a taper.

A3. The apparatus of clause A2, wherein the taper
is smooth.

A4. The apparatus of any of clauses A1-A3, wherein
the cavity is narrower near the outlet end than near
the inlet end.

A5. The apparatus of any of clauses A1-A4, wherein
the cavity includes a circular cross section.

A6. The apparatus of any of clauses A1-A4, wherein
the cavity includes a non-circular cross section.

A7. The apparatus of any of clauses A1-A6, wherein
the apparatus further includes at least one heating
element thermally coupled with the extrusion nozzle.

A8. The apparatus of clause A7, wherein the cavity
surrounds the at least one heating element.

A9. The apparatus of clause A7, wherein the heating
element is farther from the axis than the cavity.

A10. The apparatus of any of clauses A1-A9, where-
in the cavity has a path that is substantially linear.

A11. The apparatus of any of clauses A1-A8, where-
in the cavity has a path that is substantially non-lin-
ear.

A12. The apparatus of clause A11, wherein the path
of the cavity is a tortuous path.
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A13. The apparatus of clause A12, wherein the tor-
tuous path is a spiral path.

A14. The apparatus of clause A13, wherein the spiral
path is positioned around at least one heating ele-
ment disposed at least partially within the extrusion
nozzle.

A15. The apparatus of any of clauses A1-A14,
wherein the outlet opening has a non-circular shape.

A16. The apparatus of any of clauses A1-A14,
wherein the outlet opening has a circular shape.

A17. The apparatus of any of clauses A1-A16,
wherein the outlet opening is a non-planar opening.

A18. The apparatus of any of clauses A1-A17,
wherein the inlet opening has a non-circular shape.

A19. The apparatus of any of clauses A1-A17,
wherein the inlet opening has a circular shape.

A20. The apparatus of any of clauses A1-A19,
wherein the outlet opening is formed at least partly
on a side portion of the extrusion nozzle.

A21. The apparatus of any of clauses A1-A20,
wherein the rotary drive engagement portion is sym-
metric about the axis.

A22. The apparatus of any of clauses A1-A21,
wherein the rotary drive engagement portion at least
partially circumscribes the axis.

A23. The apparatus of any of clauses A1-A22,
wherein the rotary drive engagement portion com-
prises one of a pulley, a sprocket or a gear.

A24. The apparatus of any of clauses A1-A23,
wherein the apparatus is a three-dimensional print-
ing system comprising:

a build platform having a build plane; and

a print unit including the extrusion nozzle,
wherein the print unit and the build platform are
movable relative to each other.

A25. The apparatus of clause A24, wherein the print
unit further includes a rotatory drive configured to
engage the rotary drive engagement portion and to
rotate the extrusion nozzle about the axis.

A26. The apparatus of clause A25, wherein the ro-
tary drive is configured to directly drive the rotary
drive engagement portion.

A27. The apparatus of any of clauses A24-A26,
wherein the print unit includes a feed unit configured
to provide material into the inlet opening.

A28. The apparatus of any of clauses A24-A27,
wherein the print unit includes a first linear drive and
a second linear drive configured to move the extru-
sion nozzle in the build plane.

A29. The apparatus of any of clauses A24-A28,
wherein the three dimensional printing system fur-
ther includes a third linear drive configured to move
the build platform in a direction substantially perpen-
dicular to the build plane.

A30. The apparatus of any of clauses A24-A29,
wherein the three dimensional printing system in-
cludes a controller configured to control a motion of
the extrusion nozzle and extrusion of material onto
the build platform.

A31. The apparatus of any of clauses A1-A30,
wherein a length of the cavity is greater than a length
of the extrusion nozzle.

A32. The apparatus of any of clauses A1-A31,
wherein the extrusion nozzle is monolithic.

B33. A method of extruding material, the method
comprising:

providing an extrusion nozzle including a rotary
drive engagement portion, an inlet end,
an inlet opening at the inlet end, an outlet end,
and an outlet opening at the outlet end; and
moving the extrusion nozzle along a tool path
and simultaneously rotating the extrusion nozzle
about a rotary axis using the rotary drive en-
gagement portion to maintain the outlet opening
of the extrusion nozzle in a predetermined ori-
entation relative to the tool path while extruding
the material from the outlet opening.

B34. The method of clause B33, further comprising
extruding the material as a bead having a generally
rectangular cross-section.

B35. The method of any of clauses B33-B34, further
comprising extruding the material in a direction non-
parallel to the rotary axis.

B36. The method of any of clauses B33-B34, further
comprising extruding material substantially parallel
with the rotary axis.

B37. The method of any of clauses B33-B36, further
comprising maintaining an outlet pressure at the out-
let opening that is at least as high as an inlet pressure
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at the inlet opening.

B38. The method of any of clauses B33-B37, further
comprising maintaining a substantially linear pres-
sure gradient between the inlet end and the outlet
end.

B39. The method of any of clauses B33-B38, further
comprising forming the extrusion nozzle by additive
metal fabrication.

B40. The method of clause B39, wherein the extru-
sion nozzle is formed by laser sintering.

B41. The method of any of clauses B39-B40, where-
in the extrusion nozzle is formed as a monolithic
member.

B42. The method of any of clauses B33-B41, further
comprising maintaining the outlet opening tangent
to the tool path.

B43. The method of any of clauses B33-B42, further
comprising moving the extrusion nozzle in a build
plane of a three dimensional printing system.

B44. The method of any of clauses B33-B43, further
comprising controlling a flow rate of material extrud-
ed from the outlet opening with a controller.

B45. A method of forming a build using a three-di-
mensional printing system, comprising the method
of any clauses B33-B44.

B46. A method of forming an aircraft component
comprising the method of any of clauses B33-B45.

[0034] Different examples and aspects of the appara-
tus and methods are disclosed herein that include a va-
riety of components, features, and functionality. It should
be understood that the various examples and aspects of
the apparatus and methods disclosed herein may include
any of the components, features, and functionality of any
of the other examples and aspects of the apparatus and
methods disclosed herein in any combination, and all of
such possibilities are intended to be within the spirit and
scope of the present disclosure.
[0035] Having the benefit of the teachings presented
in the foregoing description and the associated drawings,
many modifications of the disclosed subject matter will
become apparent to one skilled in the art to which this
disclosure pertains. Therefore, it is to be understood that
the disclosure is not to be limited to the specific examples
and aspects provided and that modifications thereof are
intended to be within the scope of the appended claims.
Moreover, although the foregoing disclosure and the as-
sociated drawings describe certain illustrative combina-
tions of elements and/or functions, it should be appreci-

ated that different combinations of elements and/or func-
tions may be realized without departing from the scope
of the appended claims.

Claims

1. An apparatus (320) comprising:

an extrusion nozzle (300) including

an inlet end (301);
an outlet end (302) opposite the inlet end
(301);
an axis (303) extending between the inlet
end (301) and the outlet end (302), wherein
the extrusion nozzle (300) is configured to
rotate about the axis (303);
a rotary drive engagement portion (305) be-
tween the inlet end (301) and the outlet end
(302); and
a cavity (304) including an inlet opening
(304A) at the inlet end (301) and an outlet
opening (304B) at the outlet end (302),
wherein the inlet opening (304A) has a dif-
ferent configuration than the outlet opening
(304B).

2. The apparatus (320) of claim 1, wherein the cavity
(304) is narrower at the outlet end (302) than at the
inlet end (301).

3. The apparatus (320) of any of claims 1 and 2, where-
in the apparatus (320) further includes at least one
heating element (315) thermally coupled with the ex-
trusion nozzle (300).

4. The apparatus (320) of any of claims 1-3, wherein
the cavity (304) has a path (400) that is substantially
non-linear.

5. The apparatus (320) of claim 4, wherein the path
(400) of the cavity (304) is a tortuous path.

6. The apparatus (320) of claim 5, wherein the tortuous
path is a spiral path.

7. The apparatus (320) of claim 6, wherein the spiral
path is positioned around at least one heating ele-
ment (315) disposed at least partially within the ex-
trusion nozzle (300).

8. The apparatus (320) of any of claims 1-7, wherein
the outlet opening (304B) has a non-circular shape.

9. The apparatus (320) of any of claims 1-8, wherein
the outlet opening (304B) is a non-planar opening.
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10. The apparatus (320) of any of claims 1-9, wherein
the outlet opening (304B) is formed at least partly on
a side portion of the extrusion nozzle (300).

11. The apparatus (320) of any of claims 1-10, wherein
a length of the cavity (304) is greater than a length
of the extrusion nozzle (300).

12. A method of extruding material, the method compris-
ing:

providing an extrusion nozzle (300) including a
rotary drive engagement portion (305), an inlet
end (301), an inlet opening (304A) at the inlet
end (301), an outlet end (302), and an outlet
opening (304B) at the outlet end (302); and
moving the extrusion nozzle (300) along a tool
path (710) and simultaneously rotating the ex-
trusion nozzle (300) about a rotary axis (303)
using the rotary drive engagement portion (305)
to maintain the outlet opening (304B) of the ex-
trusion nozzle (300) in a predetermined orienta-
tion relative to the tool path (710) while extruding
the material (720) from the outlet opening
(304B).

13. The method of claim 12, further comprising extruding
the material (720) as a bead (1210) having a gener-
ally rectangular cross-section.

14. The method of any of claims 12-13, further compris-
ing extruding the material (720) in a direction non-
parallel to the rotary axis (303).

15. The method of any of claims 12-14, further compris-
ing maintaining the outlet opening (304B) tangent to
the tool path (710).
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