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(54) FUSED FILAMENT FABRICATION MACHINE

(57) A fused filament fabrication (FFF) machine in-
cludes a cabinet defining a build chamber for building a
workpiece including a part and a sacrificial tower for the
part at a build location. A head assembly has a filament
dispenser for dispensing media through a liquefier tip at
the build location during a build process. A controller is
operably coupled to the head assembly to control the
position of the head assembly and dispensing of the me-

dia during the build process. The controller periodically
moves the head assembly away from the build location
to a tip wipe assembly to clean the liquefier tip during a
tip wipe process. The controller moves the head assem-
bly from the tip wipe assembly to dispense a sacrificial
slug of material away from the part after the tip wipe proc-
ess before deposition of the material into the part.
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Description

BACKGROUND

[0001] The present disclosure relates generally to
fused filament fabrication (FFF) machines and methods
of operation.
[0002] Fused filament fabrication is a 3D printing proc-
ess that uses a continuous filament of a thermoplastic
material fed through a moving, heated head assembly to
form a workpiece. The media is heated to a molten state
and forced out of a dispenser and deposited on the grow-
ing workpiece. The head assembly is moved, under a
computer control build sequence, to define the printed
shape of the workpiece. The workpiece includes the de-
sired part and a sacrificial tower for the part. Usually the
head assembly moves to deposit one horizontal layer at
a time, moving in two dimensions to form the workpiece,
before moving upwards or having the build platform hold-
ing the workpiece move downwards to begin a new layer.
[0003] However, known FFF machines are not without
disadvantages. For instance, media and/or debris build-
up on the dispenser tip needs to be periodically removed.
Conventional FFF machines provide a tip wipe assembly
used to clean the dispenser tip and the machine causes
the head assembly to move to the tip wipe assembly at
predetermined times. However, during the time that the
head assembly is moving to the tip wipe assembly and
back to the workpiece, the deposited material in the work-
piece is cooled and the media in the dispenser, which is
not moving through the dispenser, can be heated above
the normal deposition temperature. Such material may
be detrimentally affected by the excess heating. For ex-
ample, the initial slug of media that is dispensed after the
tip wipe may be more viscous and thus more easily dis-
pensed, which may lead to a thinner filament at the lo-
cation of the initial dispensing. When the material is de-
posited after the tip wipe process, the material in the
workpiece and the material in the head assembly are at
different temperatures and can yield a weaker bond at
the interface between the materials. The media may be
weakened or chemically altered due to the excess and/or
prolonged heating in the head assembly leading to
changes and possible local reduction in the properties of
the material, such as the strength of the material. The
filament on the workpiece at the break area may be phys-
ically altered, such as being partially set up, prior to the
re-dispensing of the new media, forming a line of weak-
ness at the interface between the old material and the
new material. The final part may be subject to faults, prop-
erty variability or other problems at the breaks in the cor-
responding layer(s) caused by the tip wipe process lead-
ing to lower average tensile strength characteristics for
the parts. As such, the parts cannot be certified or need
to be overdesigned, leading to higher cost, higher weight,
and the like.

SUMMARY

[0004] In accordance with one embodiment, a fused
filament fabrication (FFF) machine is provided including
a cabinet defining a build chamber for building a part and
a sacrificial tower for the part at a build location. A head
assembly is provided in the cabinet for dispensing media
at the build location during a build process. The head
assembly has a filament dispenser for dispensing the
media through a liquefier tip of the filament dispenser. A
tip wipe assembly is provided in the cabinet remote from
the build location. A controller is operably coupled to the
head assembly to control the position of the head assem-
bly and dispensing of the media during the build process.
The controller periodically moves the head assembly
away from the build location to the tip wipe assembly to
clean the liquefier tip at the tip wipe assembly during a
tip wipe process. The controller moves the head assem-
bly from the tip wipe assembly to the build location to
resume the build process at the sacrificial tower such that
the media dispensed immediately after the tip wipe proc-
ess is used to build the sacrificial tower.
[0005] In another embodiment, a method of operating
a fused filament fabrication (FFF) machine having a head
assembly with a filament dispenser for dispensing media
through a liquefier tip is provided including fabricating a
part in layers using the filament dispenser during a part
fabricating process and fabricating a sacrificial tower for
the part in layers using the filament dispenser during a
sacrificial tower fabricating process. The method also in-
cludes cleaning the liquefier tip at a tip wipe assembly
during a tip wipe process. The sacrificial tower fabricating
process is performed prior to the part fabricating process
after the tip wipe process.
[0006] In a further embodiment, a controller for a fused
filament fabrication (FFF) machine having a head assem-
bly with a filament dispenser for dispensing media
through a liquefier tip is provided including a positioning
unit for controlling a position of the head assembly, a
build unit storing a program for controlling a build se-
quence for building a part in layers and a sacrificial tower
for the part in layers, and a tip wipe unit for initiating a tip
wipe process to clean the liquefier tip at a tip wipe as-
sembly. The tip wipe unit periodically causes the posi-
tioning unit to move the head assembly to the tip wipe
assembly to perform the tip wipe process. The build unit
causes the positioning unit to move the head assembly
to the sacrificial tower to reinitiate dispensing of the media
at the sacrificial tower after the tip wipe process prior to
moving the head assembly to the part such that the media
dispensed immediately after the tip wipe process is used
to build the sacrificial tower.
[0007] The features and functions that have been dis-
cussed can be achieved independently in various em-
bodiments or may be combined in yet other embodi-
ments, further details of which can be seen with reference
to the following description and drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

Figure 1 illustrates a fused filament fabrication (FFF)
machine formed in accordance with an exemplary
embodiment.

Figure 2 is a front perspective view of a head assem-
bly of the FFF machine in accordance with an exem-
plary embodiment.

Figure 3 is a perspective view of a filament dispenser
of the head assembly in accordance with an exem-
plary embodiment.

Figure 4 is a partial sectional view of the filament
dispenser.

Figure 5 is a front perspective view of a workpiece
fabricated using the FFF machine in accordance with
an exemplary embodiment.

Figure 6 is a side view of a portion of the workpiece.

Figure 7 is a top view of the workpiece.

Figure 8 is a front view of the workpiece.

Figure 9 is a schematic illustration of a controller of
the FFF machine in accordance with an exemplary
embodiment.

Figure 10 is a flow chart of an embodiment of a meth-
od of operating a FFF machine in accordance with
an exemplary embodiment.

DETAILED DESCRIPTION

[0009] The following detailed description of certain em-
bodiments will be better understood when read in con-
junction with the appended drawings. It should be under-
stood that the various embodiments are not limited to the
arrangements and instrumentality shown in the draw-
ings.
[0010] Various embodiments will be better understood
when read in conjunction with the appended drawings.
To the extent that the figures illustrate diagrams of the
functional blocks of various embodiments, the functional
blocks are not necessarily indicative of the division be-
tween hardware circuitry. Thus, for example, one or more
of the functional blocks (e.g., processors, controllers or
memories) may be implemented in a single piece of hard-
ware (e.g., a general purpose signal processor or random
access memory, hard disk, or the like) or multiple pieces
of hardware. Similarly, any programs may be stand-alone
programs, may be incorporated as subroutines in an op-
erating system, may be functions in an installed software

package, and the like. It should be understood that the
various embodiments are not limited to the arrangements
and instrumentality shown in the drawings.
[0011] As used herein, the terms "system," "unit," or
"module" may include a hardware and/or software sys-
tem that operates to perform one or more functions. For
example, a module, unit, or system may include a com-
puter processor, controller, or other logic-based device
that performs operations based on instructions stored on
a tangible and non-transitory computer readable storage
medium, such as a computer memory. Alternatively, a
module, unit, or system may include a hard-wired device
that performs operations based on hard-wired logic of
the device. The modules or units shown in the attached
figures may represent the hardware that operates based
on software or hardwired instructions, the software that
directs hardware to perform the operations, or a combi-
nation thereof. The hardware may include electronic cir-
cuits that include and/or are connected to one or more
logic-based devices, such as microprocessors, proces-
sors, controllers, or the like. These devices may be off-
the-shelf devices that are appropriately programmed or
instructed to perform operations described herein from
the instructions described above. Additionally or alterna-
tively, one or more of these devices may be hard-wired
with logic circuits to perform these operations.
[0012] As used herein, an element or step recited in
the singular and proceeded with the word "a" or "an"
should be understood as not excluding plural of said el-
ements or steps, unless such exclusion is explicitly stat-
ed. Furthermore, references to "one embodiment" are
not intended to be interpreted as excluding the existence
of additional embodiments that also incorporate the re-
cited features. Moreover, unless explicitly stated to the
contrary, embodiments "comprising" or "having" an ele-
ment or a plurality of elements having a particular prop-
erty may include additional such elements not having that
property.
[0013] It should be noted that the particular arrange-
ment of components (e.g., the number, types, placement,
or the like) of the illustrated embodiments may be mod-
ified in various alternate embodiments. For example, in
various embodiments, different numbers of a given mod-
ule or unit may be employed, a different type or types of
a given module or unit may be employed, a number of
modules or units (or aspects thereof) may be combined,
a given module or unit may be divided into plural modules
(or sub-modules) or units (or sub-units), one or more as-
pects of one or more modules may be shared between
modules, a given module or unit may be added, or a given
module or unit may be omitted.
[0014] As used herein, a structure, limitation, or ele-
ment that is "configured to" perform a task or operation
is particularly structurally formed, constructed, or adapt-
ed in a manner corresponding to the task or operation.
For purposes of clarity and the avoidance of doubt, an
object that is merely capable of being modified to perform
the task or operation is not "configured to" perform the

3 4 



EP 3 339 002 A1

4

5

10

15

20

25

30

35

40

45

50

55

task or operation as used herein. Instead, the use of "con-
figured to" as used herein denotes structural adaptations
or signals, and denotes structural requirements of any
structure, limitation, or element that is described as being
"configured to" perform the task or operation. For exam-
ple, a processing unit, processor, or computer that is
"configured to" perform a task or operation may be un-
derstood as being particularly structured to perform the
task or operation (e.g., having one or more programs or
instructions stored thereon or used in conjunction there-
with tailored or intended to perform the task or operation,
and/or having an arrangement of processing circuitry tai-
lored or intended to perform the task or operation). For
the purposes of clarity and the avoidance of doubt, a
general purpose computer (which may become "config-
ured to" perform the task or operation if appropriately
programmed) is not "configured to" perform a task or op-
eration unless or until specifically programmed or struc-
turally modified to perform the task or operation.
[0015] Figure 1 illustrates a fused filament fabrication
(FFF) machine 100 formed in accordance with an exem-
plary embodiment. The FFF machine 100 uses a contin-
uous filament 102 of a material, such as a thermoplastic
material, to build a 3-D structure known as a workpiece
104. In an exemplary embodiment, the workpiece 104
includes a desired part 106 being built and a sacrificial
tower 108 for the part 106 being built; however, some
parts 106 may be built without the sacrificial tower 108.
The sacrificial tower 108 may be used as a support for
the part 106, built as an integral structure capable of being
broken apart from the part 106 after fabrication. The sac-
rificial tower 108 supports the part 106 during the build
process and is intended to be separated from the part
106 after the build process is complete and discarded.
Optionally, the workpiece 104 may include multiple sac-
rificial towers 108 supporting different portions of the part
106. The use of the sacrificial tower 108 allows building
of parts that could normally not be built using FFF tech-
niques, such as building taller parts 106 or parts having
a more complex shape. 3D printing allows for the design
and build of parts 106 that cannot be made with traditional
machining (such as subtractive processes). In other var-
ious embodiments, the sacrificial tower 108 is a stand-
alone structure built near the part 106, such as adjacent
but not touching the part or built spaced apart from the
part 106, such as near the tip wipe assembly that receives
sacrificial media, such as immediately after a tip wipe
process. In such embodiments, the workpiece 104 is a
multi-piece workpiece.
[0016] The FFF machine 100 includes a cabinet 110
defining a build chamber 112 for building the workpiece
104 at a build location 114 in the build chamber 112. In
an exemplary embodiment, the FFF machine 100 in-
cludes a build platform 116, which is movable up and
down in the build chamber 112. The build platform 116
supports a build sheet 118 that defines the build location
114. The build sheet 118 may be removably coupled to
the build platform 116 and replaced, such as after com-

pletion of the build or when building a different type of
part 106. The workpiece 104 is built on the top surface
of the build sheet 118.
[0017] In an exemplary embodiment, the FFF machine
100 includes a tip wipe assembly 120 in the build cham-
ber 112. The tip wipe assembly 120 cleans the dispensing
tip used to dispense the material used to build the work-
piece 104. The tip wipe assembly 120 may be fixed at a
location in the build chamber 112, such as to a frame in
the cabinet 110. Alternatively, the tip wipe assembly 120
may be mounted to the build platform 116 and movable
with the build platform 116. In an exemplary embodiment,
the tip wipe assembly 120 includes a scraper 122 and a
brush 124. The scraper 122 and/or the brush 124 may
remove debris, such as material buildup, from the dis-
penser during a tip wipe process.
[0018] Optionally, the FFF machine 100 includes a
purge canister 130 that accepts material purge from the
dispenser. In various embodiments, the purge canister
130 is positioned adjacent the tip wipe assembly 120.
The purge canister 130 may be fixed at a location in the
build chamber 112, such as to a frame in the cabinet 110.
Alternatively, the purge canister 130 may be mounted to
the build platform 116 and movable with the build platform
116. The purge canister 130 may be positioned near the
tip wipe assembly 120 or near the build location 114.
[0019] The FFF machine 100 includes a door 132
opening and closing access to the build chamber 112.
The door 132 may be handedly coupled to the cabinet
110. The door 132 may be sealed against the cabinet
110 in the closed position.
[0020] The FFF machine holds one or more filament
canisters 140 each having a length of filament 102 there-
in. For example, the filament 102 may be arranged on a
reel or spool in the filament canister 140. The filament
102 is continuously fed from the filament canister 140
during the build process.
[0021] The FFF machine 100 includes a head assem-
bly 150 in the cabinet 110 for dispensing media at the
build location 114 during the build process. The filament
102 is routed from the filament canister 140 to the head
assembly 150, such as through tubing arranged in the
cabinet 110. The head assembly 150 includes a position-
ing system 152 for positioning the head assembly 150
within the build chamber 112, such as relative to the build
location 114, the tip wipe assembly 120, and the purge
canister 130. The positioning system 152 may move the
head assembly 150 in two dimensions (for example, hor-
izontally) or in three dimensions (for example, horizon-
tally and vertically). The positioning system 152 may be
a belt driven, screw driven or otherwise movable, such
as to slide the head assembly 150 along rails. Alterna-
tively, the positioning system 152 may be a robotic arm
positioning system movable in two or three dimensions.
The FFF machine 100 includes a controller 180 operably
coupled to the head assembly 150 to control the position
of the head assembly 150 and dispensing of the media
during the build process.
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[0022] Figure 2 is a front perspective view of the head
assembly 150 in accordance with an exemplary embod-
iment. In the illustrated embodiment, the head assembly
150 holds a pair of filament dispensers 154; however,
the head assembly 150 may hold a single filament dis-
penser 154 or any number of filament dispensers 154.
Optionally, each filament dispenser 154 may dispense a
different filament 102. The different filaments 102 may
have different properties, such as different thicknesses,
different densities, different types of materials, different
viscosities, different strengths, and the like.
[0023] The head assembly 150 includes a filament
feed device 156 for each filament dispenser 154. The
filament feed device 156 feeds the corresponding fila-
ment 102 to the filament dispenser 154. For example,
the filament feed device 156 may be a feed wheel oper-
ated in one direction to advance the filament 102 and
operated in the opposite direction to retract the filament
102. The filament feed device 156 may pull the filament
102 from the filament canister 140 (shown in figure 1).
[0024] The head assembly 150 includes a heater 158
for each filament dispenser 154, such as a thermocouple.
The heater 158 heats the corresponding filament 102 for
dispensing from the filament dispenser 154. For exam-
ple, the filament 102 may be made molten or liquefied
as the filament 102 passes through the heater. The tem-
perature of the heater 158 may be controlled based on
the feed rate of the filament 102. For example, the heater
158 may increase in temperature as the filament 102 is
fed more quickly through the head assembly 150. In other
various embodiments, the heater 158 has a static tem-
perature while in use and may be off when not in use.
[0025] The head assembly 150 includes guide ele-
ments 160 to guide the filament 102 through the head
assembly 150. Various guide elements 160 are fixed in
place, such as rings. Other various guide elements 160
are flexible, such as guide tubes, and may be routed be-
tween the head assembly 150 and other components,
such as the filament canister 140. The guide tubes are
used to protect and direct the filament 102 through the
machine. Optionally, dry air may be pumped through the
tubes to limit moisture exposure of the filament 102.
[0026] Figure 3 is a perspective view of the filament
dispenser 154 in accordance with an exemplary embod-
iment. Figure 4 is a partial sectional view of the filament
dispenser 154. The filament dispenser 154 includes a
liquefier tip 170 at the bottom of the filament dispenser
154. A heat shield 172 is positioned below the liquefier
tip 170 to protect the workpiece 104 from the heat gen-
erated by the liquefier tip 170. A feed tube 174 extends
from the liquefier tip 170. The feed tube 174 passes
through the heater 158 (shown in figure 2). The feed tube
174 may be heated by the heater 158. The liquefier tip
170 may be heated by the heater 158. The filament 102
is fed into the feed tube 174 from above and is fed through
the feed tube 174 to the liquefier tip 170. The filament
102 is made molten and/or liquefied in the feed 2 174
and/or the liquefier tip 170. As the filament 102 is fed into

the feed tube 174 from above, the material is forced from
the bottom of the tip 170.
[0027] Figure 5 is a front perspective view of the work-
piece 104 showing the desired part 106 and the sacrificial
tower 108 used to support the part 106. Figure 6 is a side
view of a portion of the workpiece 104. Figure 7 is a top
view of the workpiece 104. Figure 8 is a front view of the
workpiece 104. In the illustrated embodiment, the sacri-
ficial tower 108 is shown connected to and supporting
the part 106; however, in other various embodiments,
one or more sacrificial towers 108 may be separate from
(for example, remote from) the part 106. Using the FFF
machine 100 allows the manufacture of complex parts,
such as parts difficult to form using injection molding. For
example, the part 106 may be made in a complex shape
and avoid having welding joints. The FFF machine 100
is able to manufacture the part 106 and avoid tooling
costs. The part 106 may be manufactured from light-
weight materials.
[0028] In various embodiments, the part 106 may be
an interior part, such as for an interior of an aircraft. For
example, the part may be used for ducting, clips, brack-
ets, filler blocks, and the like. The part 106 may have any
desired shape. The sacrificial tower 108 has a comple-
mentary shape as the part 106 to lend support to the part
106 as the workpiece 104 is built up. The workpiece 102
may be made from any type of material, such as thermo-
plastic material, polycarbonate material, polyetherimide
material, metal materials, and the like. The material may
be selected for desired characteristics, such as strength,
smoothness, flame and smoke tolerance, chemical re-
sistance, toxicity requirements, and the like.
[0029] The workpiece 104 is built up in layers 200 the
filament dispenser 154 (shown in figure 2) moves around
the workpiece 104 to deposit the media in each layer 200
for moving on to the next layer 200. The filament 102 has
a width and a thickness, which may be controlled by con-
trolling the movement speed of the head assembly 150
and/or the feed rate of the filament 102, which may be
tied to the drop distance of the build platform 116. In
various embodiments, the layer 200 is fabricated by form-
ing a contour 202, such as defining an outline or perimeter
of the part 106, and then filling the contour 202 with raster
204; however the layer 200 may not include contours 202
and raster 204 in other various embodiments or may in-
clude only contours 202 without filling in with raster 204
in other various embodiments. In the illustrated embod-
iment, the part 106 is generally entirely filled in while the
sacrificial tower 108 is generally hollow, being defined
by support walls 206. The filament dispenser 154 may
form any portion of the layer 200, in any order, in accord-
ance with a build sequence of the controller 180. For
example, the media may be first dispensed in the sacri-
ficial tower 108 and later dispensed in the part 106 to
form the complete layer 200. Alternatively, the filament
dispenser 154 may build a portion of the sacrificial tower
108 and then a portion of the part 106 and then another
proportion of the sacrificial tower 108, and possibly an-
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other portion of the part 106, and so on. In various em-
bodiments, the entire sacrificial tower 108 is fabricated
prior to the entire part 106 being fabricated for a given
layer 200 before moving on to the next layer 200. In var-
ious embodiments, the entire contour 202 is fabricated
prior to the raster 204.
[0030] In an exemplary embodiment, after the tip wipe
process, the build process resumes at the sacrificial tow-
er 108, rather than the part 106, such that the sacrificial
slug of media dispensed immediately after the tip wipe
process is used to build the sacrificial tower 108 and is
not used to build the part 106. For example, because the
media in the filament dispenser 154 for the extended time
of the tip wipe process may be compromised or inferior,
such media is dispensed in the sacrificial tower 108 and
does not form any portion of the finished part 106. The
sacrificial tower 108 may be the supporting tower or may
be a separate sacrificial tower 108 that is built separate
on the build platform 116 such that the workpiece is fab-
ricated in different pieces, some of which are sacrificial
and intended to be discarded. In other various embodi-
ments, rather than first dispensing into the sacrificial tow-
er 108, the initial slug of material dispensed after the tip
wipe process may be discarded into the purge canister
130 before resuming dispensing into the workpiece 104.
In such embodiments, the workpiece 104 may be built
without the sacrificial tower 108.
[0031] Optionally, multiple layers 200 may be fabricat-
ed between tip wipe processes. In an exemplary embod-
iment, the head assembly 150 completes building an en-
tire layer 200 prior to initiating the tip wipe process, rather
than initiating the tip wipe process in the middle of building
one of the layers 200. In various embodiments, if the tip
wipe process is initiated in the middle of building one of
the layers 200, the build sequence ensures that the
breakpoint when the head assembly 150 leaves the work-
piece 104 is during dispensing of the sacrificial tower 108
rather than the part 106.
[0032] Returning to Figures 1 and 2, the FFF machine
100 is shown with the filament dispensers 154 in the build
location 114 for building the part 106 and the sacrificial
tower 108 of the workpiece 104. The controller 180 con-
trols the position of the head assembly 150 for dispensing
of the media during the build process. The controller 180
periodically moves the head assembly 150 away from
the build location 114 to the tip wipe assembly 120 to
clean the liquefier tip 170 at the tip wipe assembly 120
during the tip wipe process. The controller 180 then
moves the head assembly 150 from the tip wipe assembly
120 to the build location 114 to resume the build process
at the sacrificial tower 108 such that the sacrificial slug
of media dispensed immediately after the tip wipe proc-
ess is used to build the sacrificial tower 108. The sacri-
ficial slug of material is the material that is in the liquefier
tip 170 during the tip wipe process, which is subjected to
heating during the travel time to and from the tip wipe
assembly 120. The sacrificial slug of media is not used
to build the part, but may be purged, dispensed in the

sacrificial tower 108 or otherwise dispensed separate
from the part 106. In various embodiments, the head as-
sembly 150 builds multiple layers 200 of the part 106 and
the sacrificial tower 108 between tip wipe processes. In
an exemplary embodiment, the controller 180 initiates
the tip wipe process at the completion of one of the layers
200 and the controller 180 resumes the build process at
the start of a new layer 200. Optionally, at least some of
the media in the liquefier tip 170 may be purged in the
purge canister 130 either during or after the tip wipe proc-
ess.
[0033] In an exemplary embodiment, the media dis-
pensed immediately after the tip wipe process is not used
to build the part. For example, substantially all of the me-
dia in the liquefier tip 170 and the feed tube 174, during
the tip wipe process, is dispensed prior to building the
part 108. In various embodiments, substantially all of the
media in the liquefier tip 170 and the feed tube 174 heated
by the heater during the tip wipe process is dispensed in
the sacrificial tower 108. In other various embodiments,
substantially all of the media in the liquefier tip 170 and
the feed tube 174 heated by the heater during the tip
wipe process is dispensed in the purge canister 130 re-
mote from the part 106 and from the sacrificial tower 108.
[0034] Figure 9 is a schematic illustration of the con-
troller 180 in accordance with an exemplary embodiment.
The controller 180 is operably coupled to the head as-
sembly 150 and outputs control signals for controlling
one or more components of the head assembly 150. For
example, the controller 180 is operably coupled to the
positioning system 152 of the head assembly 150. The
controller 180 controls the position of the filament dis-
penser 154 by operating the positioning system 152 to
move the filament dispenser 154. The controller 180 is
operably coupled to the filament feed device 156 of the
head assembly 150. The controller 180 controls the feed
rate of the filament 102 by operating the filament feed
device 156. The controller 180 is operably coupled to the
heater 158 of the head assembly 150. The controller 180
controls the temperature of the heater 158 for heating
the media.
[0035] In various embodiments, the controller 180 in-
cludes a microprocessor 182 for controlling one or more
aspects of the FFF machine 100. The controller 180 in-
cludes a memory 184 for receiving and/or storing pro-
grams or other data for controlling one or more aspects
of the FFF machine 100. For example, the memory 184
may store build sequences for the build process. The
controller 180 includes a user interface 186 for receiving
input from a user for controlling one or more aspects of
the FFF machine 100.
[0036] In an exemplary embodiment, the controller 180
receives inputs from the head assembly 150. For exam-
ple, the head assembly 150 may include one or more
sensors sending signals to the controller 180. In various
embodiments, the head assembly 150 includes a position
sensor 252 identifying a position of the head assembly
150, such as of the filament dispenser 154. The positions
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sensor 252 may be a linear sensor, an angular sensor,
a multi-axis sensor, a GPS sensor, a proximity sensor,
a displacement sensor, a visual sensor, and the like. In
various embodiments, the head assembly 150 includes
a camera 254 for providing visual feedback for vision
guidance of the head assembly 150 by the controller 180.
In various embodiments, the head assembly 150 in-
cludes a temperature sensor 258 identifying a tempera-
ture of the heater, of the liquefier tip 170 and/or of the
media. Other types of sensors may be coupled to the
controller 180 for providing data to the controller 180 for
operating the FFF machine 100.
[0037] The controller 180 includes one or more control
modules 280 having one or more units for performing
various tasks for operating the FFF machine 100. It
should be noted that the various embodiments may be
implemented in hardware, software or a combination
thereof. The various embodiments and/or components
of the controller, for example, the modules, or units and
components therein, also may be implemented as part
of one or more computers or processors. The compu-
ter(s) or processor(s) of the controller may include a com-
puting device, an input device, a display unit and an in-
terface, for example, for accessing the Internet. The com-
puter or processor may include a microprocessor. The
microprocessor may be connected to a communication
bus. The computer or processor may also include a mem-
ory. The memory may include Random Access Memory
(RAM) and Read Only Memory (ROM). The computer or
processor further may include a storage device, which
may be a hard disk drive or a removable storage drive
such as a solid state drive, optic drive, and the like. The
storage device may also be other similar means for load-
ing computer programs or other instructions into the com-
puter or processor.
[0038] As used herein, the term "computer," "control-
ler," and "module" may each include any processor-
based or microprocessor-based system including sys-
tems using microcontrollers, reduced instruction set
computers (RISC), application specific integrated circuits
(ASICs), logic circuits, GPUs, FPGAs, and any other cir-
cuit or processor capable of executing the functions de-
scribed herein. The above examples are exemplary only,
and are thus not intended to limit in any way the definition
and/or meaning of the term "module" or "computer".
[0039] The computer, module, or processor executes
a set of instructions that are stored in one or more storage
elements, in order to process input data. The storage
elements may also store data or other information as
desired or needed. The storage element may be in the
form of an information source or a physical memory el-
ement within a processing machine.
[0040] The set of instructions may include various com-
mands that instruct the computer, module, or processor
as a processing machine to perform specific operations
such as the methods and processes of the various em-
bodiments described and/or illustrated herein. The set of
instructions may be in the form of a software program.

The software may be in various forms such as system
software or application software and which may be em-
bodied as a tangible and non-transitory computer read-
able medium. Further, the software may be in the form
of a collection of separate programs or modules, a pro-
gram module within a larger program or a portion of a
program module. The software also may include modular
programming in the form of object-oriented program-
ming. The processing of input data by the processing
machine may be in response to operator commands, or
in response to results of previous processing, or in re-
sponse to a request made by another processing ma-
chine.
[0041] As used herein, the terms "software" and
"firmware" are interchangeable, and include any compu-
ter program stored in memory for execution by a compu-
ter, including RAM memory, ROM memory, EPROM
memory, EEPROM memory, and non-volatile RAM
(NVRAM) memory. The above memory types are exem-
plary only, and are thus not limiting as to the types of
memory usable for storage of a computer program. The
individual components of the various embodiments may
be virtualized and hosted by a cloud type computational
environment, for example to allow for dynamic allocation
of computational power, without requiring the user con-
cerning the location, configuration, and/or specific hard-
ware of the computer system.
[0042] In various embodiments, the controller 180 in-
cludes a positioning unit 282 having one or more pro-
grams for controlling a position of the head assembly
150. The controller 180 includes a build unit 284 having
one or more programs for generating, storing or other-
wise controlling a build sequence for building the part
106 and the sacrificial tower 108 in the various layers
200. The controller 180 includes a tip wipe unit 286 having
one or more programs for generating, storing or other-
wise controlling the tip wipe process. The tip wipe unit
286 provides a control sequence (for example, for control
of the positioning unit 282 during the tip wipe processes)
for the positioning unit 282. The build unit 284 provides
a control sequence (for example, for control of the posi-
tioning unit 282, during the build processes) for the po-
sitioning unit 282. The control sequence provided by the
tip wipe unit 286 periodically interrupts the control se-
quence provided by the build unit 284 to cause the posi-
tioning unit 282 to move the head assembly 150 to the
tip wipe assembly 120 to perform the tip wipe process
and then move the head assembly 150 back to the build
location 114. The build unit 284 causes the positioning
unit 282 to move the head assembly 150 to the sacrificial
tower 108 to reinitiate dispensing of the media at the sac-
rificial tower 108 after the tip wipe process prior to moving
the head assembly 150 to the part 106 such that the
media dispensed immediately after the tip wipe process
is used to build the sacrificial tower 108.
[0043] The tip wipe sequence may be part of the build
sequence in various embodiments. The build sequence
identifies the position of the head assembly 150 as well
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as controlling feeding of the filament and heating of the
filament for building the workpiece 104. The build se-
quence controls building of the part 106 as well as the
sacrificial tower 108, including the timing of building the
part 106 compared to the sacrificial tower 108 for the
given layers 200. The build sequence controls the shape,
thickness and width of the contour 202 and the raster 204.
[0044] In an exemplary embodiment, the build se-
quence identifies predetermined breaks for performing
the tip wipe processes. The breaks may occur after a
predetermined time, such as requiring that the break oc-
curs within an M second interval after N seconds after
initiating the current build process. For example, the build
sequence may require that the break occur within 60 sec-
onds after 1800 seconds after the current build process
(for example, after the last tip wipe process); however
other times are possible in alternative embodiments,
such as more or less flexible time and/or more or less
time between tip wipe processes. In an exemplary em-
bodiment, the predetermined breaks for the tip wipe proc-
ess occurring during building of the sacrificial tower 108
rather than during building of the part 106. In various
embodiments, the build sequence may ensure that the
breaks between build processes for tip wiping occur at
the end of building a layer 200. As such, the next build
process resumes at the start of a new layer 200, rather
than in the middle of building a layer 200.
[0045] Figure 10 is a flow chart of an embodiment of a
method 300 of operating a fused filament fabrication
(FFF) machine having a head assembly with a filament
dispenser for dispensing media through a liquefier tip to
build a workpiece. The method 300, for example, may
employ or be performed by structures or aspects of var-
ious embodiments discussed herein. In various embod-
iments, certain operations may be omitted or added, cer-
tain operations may be combined, certain operations may
be performed simultaneously, certain operations may be
performed concurrently, certain operations may be split
into multiple operations, certain operations may be per-
formed in a different order, or certain operations or series
of operations may be re-performed in an iterative fashion.
In various embodiments, portions, aspects, and/or vari-
ations of the method 300 may be able to be used as one
or more algorithms to direct hardware to perform one or
more operations described herein.
[0046] Beginning at 302, the FFF machine runs a build
process for building a part in a sacrificial tower for the
part in a plurality of layers. The build process is performed
in accordance with a build sequence which may be stored
or generated by a controller of the FFF machine. For
example, the build sequence may be downloaded or up-
loaded to the FFF machine and stored in memory, such
as from a CAD file. In other various embodiments, the
build sequence may be generated by the controller by a
build unit of the controller.
[0047] For example, the build unit may generate the
build sequence based on the size and shape of the de-
sired part.

[0048] At 304, the FFF machine fabricates one or more
layers of a sacrificial tower for the part during a sacrificial
tower fabrication process. The FFF machine fabricates
the layers of the sacrificial tower by dispensing a bead
or filament of media from a filament dispenser of a head
assembly. The controller controls the position of the head
assembly as the media is dispensed to build each layer
of the sacrificial tower.
[0049] At 306, the FFF machine fabricates one or more
layers of a part during a part fabrication process. The
FFF machine fabricates the layers of the part by dispens-
ing a bead or filament of media from a filament dispenser
of a head assembly. The controller controls the position
of the head assembly as the media is dispensed to build
each layer of the part. In an exemplary embodiment, the
FFF machine alternates between the sacrificial tower fab-
rication process and the part fabrication process within
or between each of the layers. For example, the head
assembly may dispense the media to build some or all
of one of the layers of the sacrificial tower before contin-
uing to dispense the media to build some or the entire
corresponding layer of the part. In other various embod-
iments, the head assembly may dispense media to build
some or all of one of the layers of the part before contin-
uing to dispense the media to build some or the entire
corresponding layer of the sacrificial tower. During the
build process, any number of layers of the workpiece may
be built before the filament dispenser 154 needs to be
cleaned by a tip wipe process.
[0050] At 308, the FFF machine determines an elapsed
period since the start of the current build process or since
the previous tip wipe process. The elapsed period may
be an elapsed time (for example, xxx seconds), a number
of layers built (for example, xxx layers), an amount of
material consumed (for example, xxx meters of material
dispensed), or another metric. At 310, the FFF machine
compares the elapsed period to a tip wipe trigger. If the
elapsed period is less than the tip wipe trigger, then the
FFF machine continues to run the build process by pro-
ceeding along 312. However, if the elapsed period is
greater than the tip wipe trigger, then the FFF machine
may begin to initiate the tip wipe process at 314. In various
embodiments, when the tip wipe process is initiated, the
FFF machine may continue to run the build process until
the current layer of the workpiece is complete.
[0051] At 316, the FFF machine determines if the build
process is in the part fabrication process. If the build proc-
ess is not in the part fabrication process, but rather is in
the sacrificial tower fabrication process or is transitioning
between the part fabrication process and the sacrificial
tower fabrication process, the FFF machine runs a tip
wipe process at 318 cleaning a liquefier tip at a tip wipe
assembly. However, if the build process is in the part
fabrication process, the FFF machine continues to run
the build process until the build process is in the sacrificial
tower fabrication process at 320. The FFF machine de-
termines if the build process is in the sacrificial tower
fabrication process at 322. If not, then the FFF machine
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continues to run the build process at 320. However, when
the FFF machine determines that the build process is in
the sacrificial tower fabrication process, the FFF machine
runs the tip wipe process at 318.
[0052] After the tip wipe process, at 324, the FFF ma-
chine determines if the build process is complete. If the
build process is complete, the processes ended at 326.
However, if the build process is not complete, the FFF
machine may optionally initiate a purge at 328 and/or
return to running the build process by fabricating the sac-
rificial tower at 304. The sacrificial tower fabricating proc-
ess is performed prior to the part fabricating process after
the tip wipe process such that the media dispensed im-
mediately after the tip wipe process is used to build the
sacrificial tower rather than building the part.
[0053] Further, the disclosure comprises embodi-
ments according to the following clauses:

Clause 1 - A fused filament fabrication (FFF) ma-
chine comprising:

a cabinet defining a build chamber for building
a workpiece, including a part and a sacrificial
tower for the part, at a build location;

a head assembly in the cabinet for dispensing
media at the build location during a build proc-
ess, the head assembly having a filament dis-
penser for dispensing the media through a liq-
uefier tip of the filament dispenser;

a tip wipe assembly in the cabinet remote from
the build location; and

a controller operably coupled to the head as-
sembly to control the position of the head as-
sembly and dispensing of the media during the
build process, the controller periodically moving
the head assembly away from the build location
to the tip wipe assembly to clean the liquefier tip
at the tip wipe assembly during a tip wipe proc-
ess, the controller moving the head assembly
from the tip wipe assembly to dispense a sacri-
ficial slug of material separate from the part after
the tip wipe process before deposition of the ma-
terial into the part.

Clause 2 - The FFF machine of clause 1, wherein
the media dispensed immediately after the tip wipe
process is not used to build the part.

Clause 3 - The FFF machine of clause 1 or 2, wherein
the controller moves the head assembly away from
the tip wipe assembly to the build location to resume
the build process at the sacrificial tower such that
the media dispensed immediately after the tip wipe
process is used to build the sacrificial tower rather
than the part.

Clause 4 - The FFF machine of any of clauses 1-3,
wherein substantially all of the media in the liquefier
tip during the tip wipe process is dispensed in the
sacrificial tower as the sacrificial slug.

Clause 5 - The FFF machine of any of clauses 1-4,
wherein the controller initiates the tip wipe process
at the completion of the layer and the controller
resumes the build process at the start of a new layer.

Clause 6 - The FFF machine of any of clauses 1-5,
wherein the filament dispenser includes the liquefier
tip and a feed tube routed through a heater, substan-
tially all of the media in the liquefier tip and the feed
tube heated by the heater during the tip wipe process
is dispensed from the filament dispenser prior to
building the part.

Clause 7 - The FFF machine of clause 6, wherein
substantially all of the media in the liquefier tip and
the feed tube heated by the heater during the tip wipe
process is dispensed in the sacrificial tower.

Clause 8 - The FFF machine of clause 6 or 7, wherein
substantially all of the media in the liquefier tip and
the feed tube heated by the heater during the tip wipe
process is dispensed in a purge chamber remote
from the part and from the sacrificial tower.

Clause 9 - The FFF machine of any of clauses 1-8,
wherein the head assembly builds multiple layers of
the part and the sacrificial tower between tip wipe
processes.

Clause 10 - The FFF machine of any of clauses 1-9,
wherein the head assembly completes building the
corresponding layer of the part prior to initiating the
tip wipe process.

Clause 11 - The FFF machine of any of clauses 1-10,
wherein the head assembly includes a positioning
system supporting and moving the filament dispens-
er in the build location, to the tip wipe assembly, and
back to the build location.

Clause 12 - The FFF machine of any of clauses 1-11,
wherein the tip wipe assembly includes at least one
of a brush and a scraper for removing debris from
the liquefier tip.

Clause 13 - The FFF machine of any of clauses 1-12,
wherein the controller includes a build unit storing a
program for controlling a build sequence for building
the part and the sacrificial tower in layers, the build
sequence having predetermined breaks for perform-
ing the tip wipe processes, the predetermined breaks
occurring during building of the sacrificial tower rath-
er than during building of the part.
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Clause 14 - A method of operating a fused filament
fabrication (FFF) machine having a head assembly
with a filament dispenser for dispensing media
through a liquefier tip to build a workpiece during a
build process, the method comprising:

fabricating a sacrificial tower for the part in layers
using the filament dispenser during a sacrificial
tower fabricating process;

fabricating a part in layers using the filament dis-
penser during a part fabricating process; and

cleaning the liquefier tip at a tip wipe assembly
during a tip wipe process, wherein the sacrificial
tower fabricating process is performed prior to
the part fabricating process after the tip wipe
process.

Clause 15 - The method of clause 14, further com-
prising returning to the workpiece and continuing to
fabricate the sacrificial tower after the tip wipe proc-
ess.

Clause 16 - The method of clause 15, further com-
prising continuing to fabricate the part after the tip
wipe process only after continuing to fabricate the
sacrificial tower.

Clause 17 - The method of any of clauses 14-16,
further comprising breaking the build process of the
workpiece for the tip wipe process only when not
fabricating the part.

Clause 18 - The method of any of clauses 14-17,
further comprising breaking the build process of the
workpiece for the tip wipe process only immediately
after completion of one of the layers of the workpiece.

Clause 19 - A controller for a fused filament fabrica-
tion (FFF) machine having a head assembly with a
filament dispenser for dispensing media through a
liquefier tip, the controller comprising:

a positioning unit for controlling a position of the
head assembly;

a build unit storing a program for controlling a
build sequence for building a workpiece in lay-
ers, the workpiece including a part and a sacri-
ficial tower for the part; and

a tip wipe unit for initiating a tip wipe process to
clean the liquefier tip at a tip wipe assembly;

wherein the tip wipe unit periodically causes the
positioning unit to move the head assembly to
the tip wipe assembly to perform the tip wipe

process; and wherein the build unit causes the
positioning unit to move the head assembly to
the sacrificial tower to reinitiate dispensing of
the media at the sacrificial tower after the tip
wipe process prior to moving the head assembly
to the part such that the media dispensed im-
mediately after the tip wipe process is used to
build the sacrificial tower.

Clause 20 - The controller of clause 19, wherein the
tip wipe unit moves the head assembly from the
workpiece to initiate the tip wipe process only imme-
diately after completion of one of the layers of the
workpiece.

Clause 21 - The controller of clause 19 or 20, wherein
the controller receives at least one input from at least
one sensor for controlling at least one of the posi-
tioning unit, the build unit and the tip wipe unit.

[0054] It is to be understood that the above description
is intended to be illustrative, and not restrictive. For ex-
ample, the above-described embodiments (and/or as-
pects thereof) may be used in combination with each
other. In addition, many modifications may be made to
adapt a particular situation or material to the teachings
of the various embodiments without departing from the
scope thereof. Dimensions, types of materials, orienta-
tions of the various components, and the number and
positions of the various components described herein
are intended to define parameters of certain embodi-
ments, and are by no means limiting and are merely ex-
emplary embodiments. Many other embodiments and
modifications within the spirit and scope of the claims will
be apparent to those of skill in the art upon reviewing the
above description. The scope of the various embodi-
ments should, therefore, be determined with reference
to the appended claims, along with the full scope of equiv-
alents to which such claims are entitled. In the appended
claims, the terms "including" and "in which" are used as
the plain-English equivalents of the respective terms
"comprising" and "wherein." Moreover, in the following
claims, the terms "first," "second," and "third," etc. are
used merely as labels, and are not intended to impose
numerical requirements on their objects. Further, the lim-
itations of the following claims are not written in means-
plus-function format and are not intended to be interpret-
ed based on 35 U.S.C. § 112(f), unless and until such
claim limitations expressly use the phrase "means for"
followed by a statement of function void of further struc-
ture.

Claims

1. A fused filament fabrication (FFF) machine (100)
comprising:
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a cabinet (110) defining a build chamber (112)
for building a workpiece (104), including a part
(106) and a sacrificial tower (108) for the part
(106), at a build location (114); a head assembly
(150) in the cabinet (110) for dispensing media
at the build location (114) during a build process,
the head assembly (150) having a filament dis-
penser (154) for dispensing the media through
a liquefier tip (170) of the filament dispenser
(154);
a tip wipe assembly (120) in the cabinet (110)
remote from the build location (114); and
a controller (180) operably coupled to the head
assembly (150) to control the position of the
head assembly (150) and dispensing of the me-
dia during the build process, the controller (180)
periodically moving the head assembly (150)
away from the build location (114) to the tip wipe
assembly (120) to clean the liquefier tip (170) at
the tip wipe assembly (120) during a tip wipe
process, the controller (180) moving the head
assembly (150) from the tip wipe assembly (120)
to dispense a sacrificial slug of material separate
from the part (106) after the tip wipe process
before deposition of the media into the part
(106).

2. The FFF machine (100) of claim 1, wherein the media
dispensed immediately after the tip wipe process is
not used to build the part (106).

3. The FFF machine (100) of claim 1 or 2, wherein the
controller (180) moves the head assembly (150)
away from the tip wipe assembly (120) to the build
location (114) to resume the build process at the sac-
rificial tower (108) such that the media dispensed
immediately after the tip wipe process is used to build
the sacrificial tower (108) rather than the part (106).

4. The FFF machine (100) of any of claims 1 to 3,
wherein substantially all of the media in the liquefier
tip (170) during the tip wipe process is dispensed in
the sacrificial tower (108) as the sacrificial slug.

5. The FFF machine (100) of any of claims 1 to 4,
wherein the controller (180) initiates the tip wipe
process at the completion of a layer (200) of the part
106 and the controller (180) resumes the build proc-
ess at the start of a new layer (200).

6. The FFF machine (100) of any of claims 1 to 5,
wherein the filament dispenser (104) includes the
liquefier tip (170) and a feed tube (174) routed
through a heater (158), substantially all of the media
in the liquefier tip (170) and the feed tube (174) heat-
ed by the heater (158) during the tip wipe process is
dispensed from the filament dispenser (154) prior to
building the part (106).

7. The FFF machine (100) of any of claims 1 to 6,
wherein the head assembly (150) builds multiple lay-
ers (200) of the part (106) and the sacrificial tower
(108) between tip wipe processes.

8. The FFF machine (100) of any of claims 1 to 7,
wherein the head assembly (150) completes building
the corresponding layer (200) of the part (106) prior
to initiating the tip wipe process.

9. The FFF machine (100) of any of claims 1 to 8,
wherein the head assembly (150) includes a posi-
tioning system (152) supporting and moving the fil-
ament dispenser (154) in the build location (114), to
the tip wipe assembly (120), and back to the build
location (114).

10. The FFF machine (100) of any of claims 1 to 9,
wherein the controller (180) includes a build unit
(284) storing a program for controlling a build se-
quence for building the part (106) and the sacrificial
tower (108) in layers (200), the build sequence hav-
ing predetermined breaks for performing the tip wipe
processes, the predetermined breaks occurring dur-
ing building of the sacrificial tower (108) rather than
during building of the part (106).

11. A method of operating a fused filament fabrication
(FFF) machine (100) having a head assembly (150)
with a filament dispenser (154) for dispensing media
through a liquefier tip (170) to build a workpiece (104)
during a build process, the method comprising:

fabricating a sacrificial tower (108) for the part
(106) in layers (200) using the filament dispens-
er (154) during a sacrificial tower fabricating
process;
fabricating a part (106) in layers (200) using the
filament dispenser (154) during a part fabricat-
ing process; and
cleaning the liquefier tip (170) at a tip wipe as-
sembly (120) during a tip wipe process, wherein
the sacrificial tower fabricating process is per-
formed prior to the part fabricating process, and
after the tip wipe process.

12. The method of claim 11, further comprising returning
to the workpiece (104) and continuing to fabricate
the sacrificial tower (108) after the tip wipe process.

13. The method of claim 12, further comprising contin-
uing to fabricate the part (106) after the tip wipe proc-
ess only after continuing to fabricate the sacrificial
tower (108).

14. The method of any of claims 11-13, further compris-
ing breaking the build process of the workpiece (104)
for the tip wipe process only when not fabricating the
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part (106).

15. The method of any of claims 11-14, further compris-
ing breaking the build process of the workpiece (104)
for the tip wipe process only immediately after com-
pletion of one of the layers (200) of the workpiece
(104).
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