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(57) ABSTRACT

Various embodiments related to three dimensional printers,
and reinforced filaments, and their methods of use are
described. In one embodiment, a void free reinforced filament
is fed into an conduit nozzle. The reinforced filament includes
a core, which may be continuous or semi-continuous, and a
matrix material surrounding the core. The reinforced filament
is heated to a temperature greater than a melting temperature
of the matrix material and less than a melting temperature of
the core prior to applying the filament from the conduit
nozzle.
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METHODS FOR COMPOSITE FILAMENT
THREADING IN THREE DIMENSIONAL
PRINTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. Nos. 14/333,881 and 14/333,947, both
filed on Jul. 17, 2014, and each of which claims the benefit
under 35 U.S.C. §119(e) of U.S. provisional application Ser.
Nos. 61/804,235, filed Mar. 22, 2013; 61/815,531, filed Apr.
24, 2013; 61/831,600, filed Jun. 5, 2013; 61/847,113, filed
Jul. 17, 2013; 61/878,029, filed Sep. 15, 2013; 61/880,129,
filed Sep. 19, 2013; 61/881,946, filed Sep. 24, 2013; 61/883,
440, filed Sep. 27,2013; 61/902,256, filed Nov. 10, 2013, and
61/907,431, filed Nov. 22, 2013, the disclosures of which are
herein incorporated by reference in their entirety; and is a
continuation in part of each of U.S. patent application Ser. No.
14/222,318, filed Mar. 21, 2014 and Ser. No. 14/297,437,
filed Jun. 5, 2014, the disclosures of which are herein incor-
porated by reference in their entirety.

FIELD
[0002] Aspects relate to three dimensional printing.
BACKGROUND
[0003] “Three dimensional printing” as an art includes

various methods such as Stereolithography (SLA) and Fused
Filament Fabrication (FFF). SLA produces high-resolution
parts, typically not durable or UV-stable, and is used for
proof-of-concept work; while FFF extrudes through a nozzle
successive filament beads of ABS or a similar polymer.
[0004] “Composite Lay-up” is not conventionally related
to three dimensional printing. In this art, preimpregnated
(“prepreg”) composite sheets of fabric are impregnated with
a resin binder into two-dimensional patterns. One or more of
the individual sheets are then layered into a mold and heated
to liquety the binding resin and cure the final part.

[0005] “Composite Filament Winding” is also not conven-
tionally related to three dimensional printing. In this art,
sticky “tows” including multiple thousands of individual car-
bon strands are wound around a custom mandrel to form a
rotationally symmetric part. Filament winding is typically
limited to convex shapes due to the taut filaments “bridging”
any concave shape.

[0006] There is no commercial or experimental three
dimensional “printing” technique which provides the benefits
of composite lay-up, or composite filament winding.

SUMMARY

[0007] According to afirstembodiment and/or aspect of the
present invention, one combination of steps and/or a three
dimensional printer employing a subset or superset of such
steps for additive manufacturing of a part includes supplying
an unmelted void free fiber reinforced composite filament
including one or more axial fiber strands extending within a
matrix material of the filament, having no substantial air gaps
within the matrix material. The unmelted composite filament
is fed at a feed rate along a clearance fit zone that prevents
buckling of the filament until the filament reaches a buckling
section (i.e., at a terminal and of the conduit nozzle, opposing
the part, optionally with a clearance between the conduit
nozzle end and the part of a filament diameter or less) of the
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conduit nozzle. The filament is heated to a temperature
greater than a melting temperature of the matrix material to
melt the matrix material interstitially within the filament, in
particular in a transverse pressure zone. A ironing force is
applied to the melted matrix material and the one or more
axial fiber strands of the fiber reinforced composite filament
with an ironing lip as the fiber reinforced composite filament
is deposited in bonded ranks to the part. In this case, the
ironing lip is translated adjacent to the part at a printing rate
that maintains a neutral to positive tension in the fiber rein-
forced composite filament between the ironing lip and the
part, this neutral-to-positive (i.e., from no tension to some
tension) tension being less than that necessary to separate a
bonded rank from the part.

[0008] According to a second embodiment and/or aspect of
the present invention, an additional or alternative combina-
tion of steps and/or a three dimensional printer employing a
subset or superset of such steps for additive manufacturing of
apartincludes the above-mentioned supplying step, and feed-
ing the fiber reinforced composite filament at a feed rate. The
filament is similarly heated, in particular in a transverse pres-
sure zone. The melted matrix material and the at least one
axial fiber strand of the composite filament are threaded (e.g.,
through a heated print head, and in an unmelted state) to
contact the part in a transverse pressure zone. This transverse
pressure zone is translated relative to and adjacent to the part
at a printing rate to bring an end of the filament (including the
fiber and the matrix) to a melting position. The end of the
filament may optionally buckle or bend to reach this position.
At the melting position, the matrix material is melted inter-
stitially within the filament.

[0009] According to a third embodiment and/or aspect of
the present invention, a three-dimensional printer, and or a
subset or superset of method steps carried out by such a
printer, for additive manufacturing of a part includes a fiber
composite filament supply (e.g., a spool of filament, or a
magazine of discrete filament segments) of unmelted void
free fiber reinforced composite filament including one or
more axial fiber strands extending within a matrix material of
the filament, having no substantial air gaps within the matrix
material. One or more linear feed mechanisms (e.g., a driven
frictional rollers or conveyors, a feeding track, gravity,
hydraulic or other pressure, etc., optionally with included slip
clutch or one-way bearing to permit speed differential
between material feed speed and printing speed) advances
unmelted composite filament a feed rate, optionally along a
clearance fit channel (e.g., a tube, a conduit, guide a channel
within a solid part, conveyor rollers or balls) which guides the
filament along a path or trajectory and/or prevents buckling of
the filament. A print head may include (all optional and/or
alternatives) elements of a heater and/or hot zone and/or hot
cavity, one or more filament guides, a cold feed zone and/or
cooler, and/or a reshaping lip, pressing tip, ironing tip, and/or
ironing plate, and/or linear and/or rotational actuators to
move the print head in any of X, Y, Z, directions and/or
additionally in one to three rotational degrees of freedom.

[0010] In this third embodiment/aspect and optionally
other embodiments/aspects of the invention, a build platen
may include a build surface, and may include one or more
linear actuators to move the build platen in any of X, Y, Z,
directions and/or additionally in one to three rotational
degrees of freedom. The heater (e.g., a radiant heater, an
inductive heater, a hot air jet or fluid jet, a resistance heater,
application of beamed or radiant electromagnetic radiation,
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optionally heating the ironing tip) heats the filament, and in
particular the matrix material, to a temperature greater than a
melting temperature of the matrix material (to melt the matrix
material around a single fiber, or in the case of multiple
strands, interstitially among the strands within the filament).
The linear actuators and/or rotational actuators of the print
head and/or build platen may each solely and/or in coopera-
tion define a printing rate, which is the velocity at which a
bonded rank is formed. A controller optionally monitors the
temperature of the heater, of the filament, and/or and energy
consumed by the heater via sensors.

[0011] In this third embodiment/aspect and optionally
other embodiments/aspects of the invention, the feed mecha-
nism, clearance fit channel, linear or rotational actuators of
the build platen and/or the linear and rotational actuators,
guides, hot cavity, and/or reshaping or ironing lip or tip of the
print head may optionally cooperate (any combination or
permutation thereof or all) as a transverse pressure zone that
presses and/or melts filaments onto the build platen or into the
part being printed. Optionally, the linear and rotational actua-
tors of the print head and/or build platen, and/or one or more
linear feed mechanisms may be controlled by a controller
monitoring force, displacement, and/or velocity sensors to
apply a compressive force along the axial strands (e.g., tan-
gentially to a feed roller diameter) of the filament and/or
apply a reaction force from the build platen or part being
printed to press melted matrix filaments against the build
platen or against or into previous layers of the part to form
bonded ranks (i.e., substantially rectangular ranks adhered to
substantially flat surfaces below and to one side thereof).

[0012] In this third embodiment/aspect and optionally
other embodiments/aspects of the invention, fully optionally
in addition or the alternative, the linear and rotational actua-
tors of the print head and/or build platen, and/or one or more
linear feed mechanisms may be controlled by a controller
monitoring force, displacement, and/or velocity sensors to
apply a transverse, sideways, downwards, ironing and/or
ironing force (optionally using a surface of or adjacent the
print head, which may be a reshaping and/or ironing lip, tip,
or plate) to the side of the melted matrix filament to press
and/or iron the melted matrix filaments against the build
platen or against or into previous layers of the part to form
bonded ranks. Fully optionally in addition or the alternative,
the linear and rotational actuators of the print head and/or
build platen, and/or one or more linear feed mechanisms may
be controlled by a controller monitoring force, displacement,
and/or velocity sensors to apply a neutral to positive tension
force through the strand and unmelted matrix of the filament
and/or between the build platen, previously deposited bonded
ranks and the print head or feeding mechanism(s) (optionally
using a surface of or adjacent the print head, which may be a
reshaping and/or ironing lip, tip, or plate, and further option-
ally using interior surfaces of the print head or guides, and/or
feeding mechanism clutches, slips, motor drive, idling, motor
internal resistance, and/or small resistance currents) adjacent
to the part at a printing rate that maintains neutral to positive
tension in the fiber reinforced composite filament between the
reshaping lip and the part. This tension force is optionally a
neutral to positive tension force less than that necessary to
separate a bonded rank from the part for sustained formation
of' bonded ranks, and further optionally and/or in the alterna-
tive, may be sufficient to separate or sever a filament with a
discontinuous internal fiber connected by melted matrix to
the print head.

Nov. 5, 2015

[0013] In this third embodiment/aspect and optionally
other embodiments/aspects of the invention, including the
first and second embodiment/aspects thereof, the linear and
rotational actuators of the print head and/or build platen,
and/or one or more linear feed mechanisms may be controlled
by a controller monitoring force, displacement, and/or veloc-
ity sensors to apply a transverse, sideways, downwards,
reshaping and/or ironing force (optionally using a surface of
or adjacent the print head, which may be a reshaping and/or
ironing lip, tip, or plate) to generate a different balance of
forces within the printer, filament, and part in different print-
ing phases (e.g., threading phases versus printing phases). For
example, in one embodiment or aspect of the invention, the
linear and rotational actuators of the print head and/or build
platen, and/or one or more linear feed mechanisms may be
controlled by a controller monitoring force, displacement,
and/or velocity sensors to apply a transverse, sideways,
downwards, reshaping and/or ironing force (optionally using
a surface of or adjacent the print head, which may be a
reshaping and/or ironing lip, tip, or plate) may apply bonded
ranks primarily via lateral pressing and axial tension in a
continuous printing phase of applying bonded ranks, and
primarily via lateral pressing and axial compression in a
threading or initialization phase.

[0014] In afourth embodiment and/or aspect of the present
invention, a three-dimensional printer, and or a subset or
superset of method steps carried out by such a printer, for
additive manufacturing of a part includes a fiber composite
filament supply of unmelted fiber reinforced composite fila-
ment including one or more inelastic axial fiber strands
extending within a matrix material of the filament. A movable
build platen for supports the part. A print head opposes the
build platen and includes a composite filament ironing tip and
a heater that heats the composite filament ironing tip above a
melting temperature of the matrix material. A plurality of
printing actuators move the print head and the build platen
relative to one another in three degrees of freedom, and a
filament drive that drives the unmelted fiber reinforced com-
posite filament, and the inelastic fiber strands embedded
within, into the print head at a linear feed rate. A cold feed
zone positioned between the filament drive and the ironing tip
is maintained below a melting temperature of the matrix
material. A controller operatively connected to the heater, the
filament drive and the printing actuators executes instructions
which cause the filament drive to hold an unattached terminal
end of the composite filament in the cold feed zone between
the filament drive and the ironing tip. The controller may
optionally execute further instructions to cause the attached
operative elements to carry out the functions described herein
below.

[0015] In this fourth embodiment/aspect and optionally
other embodiments/aspects of the invention (“other embodi-
ments/aspects” including without limitation the first, second,
third and fourth embodiment/aspects thereof), the filament
drive to advances the unattached terminal end of the compos-
ite filament through the print head and to the heated compos-
ite filament ironing tip without stopping, such that the unat-
tached terminal end advances at least at the current feeding
rate as it passes through locations having a temperature suf-
ficient to melt the matrix material of the filament. Fully
optionally, the filament drive may advance the unattached
terminal end of the composite filament through the print head
and to the heated composite filament ironing tip at a speed
sufficient to prevent the unattached terminal end from receiv-
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ing sufficient heat transfer to adhere to interior walls of the
print head adjacent the composite filament ironing tip.
[0016] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, the actuators to begin moving the print
head and the build platen relative to one another in at least one
degree of freedom substantially at the moment the filament
drive advances the unattached terminal end of the composite
filament to the heated composite filament ironing tip. Alter-
natively, or in addition, the filament drive advances until the
terminal end and at least a portion of the one or more inelastic
axial fiber strands are anchored within a part on the build
platen.

[0017] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, a cutter is positioned between the
filament drive and the ironing tip, which severs the unmelted
fiber reinforced composite filament within the cold feed zone.
Subsequent to severing the unmelted fiber reinforced com-
posite filament, the actuators may drag remaining unmelted
fiber reinforced composite filament from the print head
through the cold feed zone and the composite filament ironing
tip. Alternatively, or in addition, subsequent to severing the
unmelted fiber reinforced composite filament, the filament
drive may hold the unattached terminal end of the unmelted
fiber reinforced composite filament in the cold feed zone
adjacent the cutter. Alternatively, or in addition, the cutter
may be positioned between the filament drive and the ironing
tip, and severs the unmelted fiber reinforced composite fila-
ment prior to holding the unattached terminal end of the
unmelted fiber reinforced composite filament in the cold feed
zone between the filament drive and the ironing tip. Alterna-
tively, or in addition, the cutter has a blade having a thickness
of less than the diameter of the unmelted fiber reinforced
composite filament between an entrance guide tube and an
exit guide tube, the distance between the entrance and the exit
guide tubes and the thickness of the blade are equal to or less
than the diameter of the unmelted fiber reinforced composite
filament.

[0018] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, a clutch permits the filament drive to
slip to accommodate a difference in the printing rate and the
feeding rate. Fully optionally alternatively or in addition, a
clearance fit channel within the cold feed zone has an inner
diameter between 114 and 2% times the diameter of the
unmelted fiber reinforced composite filament, and guides the
filament along a path or trajectory and/or prevents buckling of
the filament. Fully optionally alternatively or in addition, an
interior diameter of the print head between the clearance fit
channel and the composite filament ironing tip is from two to
six times the diameter of the unmelted fiber reinforced com-
posite filament, sufficient to prevent the unattached terminal
end from receiving sufficient heat transfer to adhere to inte-
rior walls of the print head adjacent the composite filament
ironing tip.

[0019] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, the printing actuators and the filament
drive cooperate to maintain a transverse pressure zone that
both presses and melts fiber reinforced composite filament to
form the part on the build platen as the build platen and
printhead are moved relative to one another; and or to coop-
erate to apply a compressive force along the inelastic axial
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strands of the filament; and/or to apply an ironing force, using
a surface of the heated composite filament ironing tip, to the
side of the melted matrix filament to form the part on the build
platen; and/or to apply a neutral to positive tension force
along the embedded inelastic fiber and between a part anchor-
ing an embedded inelastic fiber and the heated composite
filament ironing tip.

[0020] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, the printing actuators and the filament
drive substantially simultaneously pause, the cutter then sev-
ers the unmelted fiber reinforced composite filament during
said pause, and the print head and the build platen then move
relative to one another along at least one degree of freedom
for atleast a runout distance (measured between the cutter and
the ironing tip) to complete bonding the remainder of the fiber
reinforced composite filament.

[0021] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, the filament drive advances the
unmelted fiber reinforced composite filament by the runout
distance before causing the printing actuators and the fila-
ment drive to substantially simultaneously drive along at least
one common degree of freedom at a substantially common
speed of advance of the inelastic axial fiber strands within the
fiber reinforced composite filament as anchored to the part
and fed past the filament drive.

[0022] Additionally and/or optionally in this fourth
embodiment/aspect and optionally other embodiments/as-
pects of the invention, the printing actuators and the filament
drive hold the heated composite filament ironing tip at a
height above the part to iron the fiber reinforced composite
filament as it is deposited to reshape a substantially oval
bundle of inelastic axial fiber strands within the fiber rein-
forced composite filament to a substantially flattened block of
inelastic fibers strands within a bonded rank of the part.
Optionally, or in addition, the print head and the build platen
move relative to one another to iron the fiber reinforced com-
posite filament by flattening the matrix material including the
at least one axial strand with the composite filament ironing
tip as the matrix material is melted and pulled through the
composite filament ironing tip.

[0023] None of the abovementioned steps or structures in
the first through fourth embodiments and/or aspects are criti-
cal to the invention, and the invention can be expressed as
different combinations of these. In particular, pressing a fiber
reinforced filament into a part may optionally be temporarily
performed during threading or initialization by axial com-
pression along the fiber composite (unmelted fiber strand(s),
partially melted and partially glass matrix), and/or by “iron-
ing” and/or reshaping in the transverse pressure zone (e.g.,
print head tip) and/or by the reshaping lip and/or by a com-
panion “ironing” plate following the printhead. Each
approach and structure is effective in itself, and in the inven-
tion is considered in permutations and combinations thereof.
Further, the pressing may be done in combination with com-
pression or tension maintained in the filament via the
unmelted fiber strands. Pressing or ironing may be done inthe
presence of tension upstream and downstream of the trans-
verse pressure zone (e.g., print head tip) and/or the ironing lip
and/or companion “ironing” plate, but also or alternatively in
the presence of tension downstream of the pressing and also
upstream of the transverse pressure zone (e.g., print head tip)
and/or ironing lip and/or by companion “ironing” plate.
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[0024] Ineach of these first through fourth embodiments or
aspects of the invention, as well as other embodiments or
aspects thereof, optionally the matrix material comprises a
thermoplastic resin having an unmelted elastic modulus of
approximately 0.1 through 5 GPa and/or unmelted ultimate
tensile strength of approximately 10 through 100 MPa, and a
melted elastic modulus of less than 0.1 GPa and melted ulti-
mate tensile strength of less than 10 MPa, and the one or more
axial fiber strands have an elastic modulus of approximately
5-1000 GPa and an ultimate tensile strength of approximately
200-100000 MPa. These embodiments or aspects may
optionally maintain a substantially constant cross sectional
area of the fiber reinforced composite filament in clearance fit
zone, the non-contact zone, the transverse pressure zone, and
as a bonded rank is attached to the workpiece. In each of these
first through third embodiments or aspects of the invention,
optionally the filament has a cross sectional area greater than
1x10E-5 inches and less than 2x10E-3 inches. Further
optionally, the at least one axial strand includes, in any cross-
sectional area, between 100 and 6000 overlapping axial
strands or parallel continuous axial strands. Such matrix
materials include acrylonitrile butadiene styrene, epoxy,
vinyl, nylon, polyetherimide, polyether ether ketone, polyac-
tic acid, or liquid crystal polymer, and such axial strand mate-
rials include carbon fibers, aramid fibers, or fiberglass.

[0025] Optionally in any of the first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, at least one of the feed rate and the
printing rate are optionally controlled to maintain compres-
sion in the fiber reinforced composite filament within the
clearance fit zone. Additionally or in the alternative for these
and other embodiments or aspects, optionally in a threading
orinitialization phase, the filament is heated in an non-contact
zone immediately upstream of the ironing, and the feed and
printing rates controlled to induce axial compression along
the filament within the non-contact zone primarily via axial
compressive force within the one or more axial fiber strands
extending along the filament. Additionally or in the alterna-
tive for these and other embodiments or aspects of the inven-
tion, optionally in a threading or initialization phase, at least
one of the feed rate and the printing rate are controlled to
compress the fiber reinforced composite filament and trans-
late an end of the filament abutting the part laterally under-
neath an ironing lip to be ironed by application of heat and
pressure. Additionally or in the alternative for these and other
embodiments or aspects of the invention, the filament is
heated and/or melted by the ironing lip, and one or both of the
feed rate and the printing rate are controlled to maintain
neutral to positive tension in the fiber reinforced composite
filament between the ironing lip and the part primarily via
tensile force within the at least one axial fiber strand extend-
ing along the filament.

[0026] Optionally in any ofthe first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, supplying is optionally via a car-
tridge to decouple the speed of manufacturing or forming the
reinforced fiber material (e.g., combining the fiber with the
matrix) from the speed of printing.

[0027] Optionally in any ofthe first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, the method may include forming a
solid shell with the filament; and/or the ironing lip may be
rounded. Additionally or in the alternative for these and other
embodiments or aspects of the invention, the ironing lip may
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be at the tip of a conduit nozzle or printing guide with a
cross-sectional area of the conduit nozzle eyelet or outlet
larger than a cross-sectional area of the conduit nozzle or
printing guide inlet. Additionally or in the alternative for these
and other embodiments or aspects of the invention, the cross
sectional area within the walls of a heating cavity or non-
contact zone is larger than a cross-sectional area of the clear-
ance fit zone.

[0028] Optionally in any of the first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, the one or more fiber cores may be
constructed as a train of separate segments extending in an
axial direction of the filament. In this case, the segments may
be located at pre-indexed locations along the axial direction
of the filament; and/or at least some of the segments may
overlap along the axial direction of the filament. Additionally
or in the alternative for these and other embodiments or
aspects of the invention, the average length of the segments
may be less than or equal to a length of the heated or non-
contact zone.

[0029] Optionally in any of the first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, the push-pultrusion process of
depositing a first filament into a layer of matrix material in a
first desired pattern may be followed by or performed in
parallel with curing a matrix layer (e.g., stereolithography or
selective laser sintering) to form a layer of a part including the
deposited first filament. Additionally or in the alternative for
these and other embodiments or aspects of the invention, this
alternative may optionally include cutting the first filament
and depositing a second filament in a second desired pattern
in the layer of matrix material.

[0030] Optionally in any of the first through fourth embodi-
ments or aspects of the invention, as well as other embodi-
ments or aspects thereof, the three dimensional printer prints
structures using a substantially void-free preimpregnated
(prepreg) material that remains void-free throughout the
printing process. One form of this material is a reinforced
filament including a core with multiple continuous strands
preimpregnated with a thermoplastic resin that has already
been “wicked” into the strands, and applied using one of the
push-pultrusion approaches of the present invention to form a
three dimensional structure. A composite formed of thermo-
plastic (or uncured thermoset) resin having wetted or wicked
strands, may not be “green” and is also rigid, low-friction, and
substantially void free. Another form may employ a single,
solid continuous core. Still another form may use a sectioned
continuous core, i.e., a continuous core sectioned into a plu-
rality of portions along the length is also contemplated. Still
another form may employ a solid core or multiple individual
strands that are either evenly spaced from one another or
include overlaps. “Void free” as used herein with respectto a
printing material may mean, at an upper limit, a void percent-
age between 1% than 5%, and at a lower limit 0%, and with
respect to a printed part, at an upper limit, a void percentage
between 1 and 13%, and at a lower limit 0%. Optionally, the
push-pultrusion process may be performed under a vacuum to
further reduce or eliminate voids.

[0031] A fiber or core “reinforced” material is described
herein. The fiber or core may either be positioned within an
interior of the filament or the core material may extend to an
exterior surface of the filament, or for multistrand implemen-
tations, both. The term including “reinforced” may optionally
extend to strands, fibers, or cores which do not provide excep-
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tional reinforcing structural strength to the composite, such as
optical fibers or fluid conducting materials, as well as con-
ductive materials. Additionally, it should be understood that a
core reinforced material also includes functional reinforce-
ments provided by materials such as optical fibers, fluid con-
ducting channels or tubes, electrically conductive wires or
strands.

[0032] The present invention contemplates that optionally,
the entire process of push-pultrusion, including the use of
different compatible materials herein, many be a precursor or
a parallel process other modes of additive manufacturing, in
particular stereolithography (SLA), selective laser sintering
(SLS), or otherwise using a matrix in liquid or powder form.
Push-pultrusion may embed within or about parts made by
these mode substantially void free parts, enabling the entire
part to exhibit enhanced strength.

[0033] If the push-pultrusion process is used to lay down
bonded ranks with a dominant direction or directions, these
directions may optionally exhibit anisotropic strength both
locally and overall. Directionality or anisotropy of reinforce-
ment within a structure can optionally provide enhanced part
strength in desired locations and directions to meet specific
design requirements or enable lighter and/or stronger parts.
[0034] Optionally in any above-described invention, the
matrix material may be acrylonitrile butadiene styrene
(ABS), epoxy, vinyl, nylon, polyetherimide (PEI), Polyether
ether ketone (PEEK), Polyactic Acid (PLLA), or Liquid Crys-
tal Polymer. The core or strands of the core may reinforce
structurally, conductively (electrically and/or thermally),
insulatively (electrically and/or thermally), optically and/or
in a manner to provide fluidic transport. The core or strands of
the core may include, in particular for structural reinforcing,
carbon fiber, aramid or high strength nylon fiber, fiberglass.
Further, multiple types of continuous cores or strands may be
combined in a single continuous core reinforced filament to
provide multiple functionalities such as both electrical and
optical properties.

[0035] Optionally in any above-described invention or
embodiments or aspects of the invention, fiber reinforced
composite filaments with different resin to fiber ratios may
provide different properties within different sections of the
part, e.g., printed with different printheads at different stages.
Similarly optionally, a “low-resin” fiber reinforced composite
filament skeletal filler may be used for the internal construc-
tion to maximize the strength-to-weight ratio (e.g., 30% resin/
70% fiber by cross sectional area). “L.ow-resin” means a resin
percentage in cross sectional area from 30% to 50%. Simi-
larly optionally a “High-resin” fiber reinforced composite
filament shell coating (e.g., 90% resin/10% fiber by cross
sectional area) may be used to prevent the possible print
through of an underlying core or individual fiber strand of the
core. Additionally, in some embodiments and embodiments
oraspects of the invention, the consumable material may have
zero fiber content, and be exclusively resin and/or printed
with conventional FFF.

[0036] All of the listed options apply individually, and in
any operable permutation or combination to each of the first,
second, third, and other embodiments or aspects of the inven-
tion, including that acts or steps are implemented with appa-
ratus structures disclosed herein as would be understood by
one of skill in the art, and apparatus structures perform acts or
steps as disclosed herein as would be understood by one of
skill in the art. In all cases throughout the disclosure, the term
“may” denotes an optional addition or alternative material,
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structure, act, or invention to the invention. It should be noted
that discussion of a controller causing “the plurality of actua-
tors” to move the build platen and/or printhead is inclusive of
individually instructing any one, two, three or more of the
actuators.

BRIEF DESCRIPTION OF DRAWINGS

[0037] FIGS. 1A through 1D are schematic representations
of a three dimensional printing system using a continuous
core reinforced filament, in which FIGS. 1A and 1B are
schematic views of a continuous core reinforced filament
printhead, FIG. 1C is a cross-sectional and schematic view of
acompound extrusion and fiber printhead assembly, and FIG.
1D is a close-up cross-section of a fiber printhead assembly;
[0038] FIG. 2 is a representative flow chart of a three
dimensional printing process;

[0039] FIGS. 3A-3E are schematic representations of vari-
ous embodiments of core configurations of a continuous core
reinforced filament 2;

[0040] FIG. 4 is a block diagram and schematic represen-
tation of a three dimensional printer capable of printing with
the compound extrusion and fiber printhead assembly of F1G.
1C;

[0041] FIG. 5 is a compound timing diagram contrasting
extrusion and fiber printing control;

[0042] FIG. 6A-6C are schematic representations of con-
duit nozzles utilized in some embodiments of the printing
system,

[0043] FIG. 7 is a schematic plan and side representation of
a fiber filament feeding mechanism, guide tube, and cutter
assembly;

[0044] FIG. 8 is a schematic representation of a three
dimensional printing system including a cutter and a printing
process bridging an open space;

[0045] FIG. 9 is a schematic representation of a part formed
by the three-dimensional printing system and/or process that
includes an enclosed open space;

[0046] FIG. 10 is a schematic representation of a three-
dimensional printing system including a guide tube;

[0047] FIG. 11 is a flowchart describing control and com-
mand execution of the printer shown in FIGS. 1C and 5, for
printing in extrusion and fiber modes as shown in FIG. 5;
[0048] FIG. 12 is a flowchart describing control and com-
mand execution of the printer shown in FIGS. 1C and 5, for
printing fiber modes as shown in FIG. 5;

[0049] FIG. 13 is a flowchart describing control and com-
mand execution of the printer shown in FIGS. 1C and 5, for
printing in extrusion mode as shown in FIG. 5;

[0050] FIGS. 14A-14C are schematic representations of
nozzles and rounded outlet nozzles respectively;

[0051] FIG. 15A is a schematic cross-sectional view of a
cutter integrated with a conduit nozzle tip;

[0052] FIG. 15B is a schematic cross-sectional view of the
cutter integrated with a conduit nozzle tip depicted in FIG.
14A rotated 90°;

[0053] FIG. 15C-15D are bottom views an embodiment of
a cutter integrated with a conduit nozzle tip;

[0054] FIG. 16 is a schematic cross-sectional view of a
cutter integrated with a conduit nozzle tip;

[0055] FIG. 17A is a schematic representation of a three-
dimensional printing system applying a compaction pressure
during part formation;
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[0056] FIG.17B is a schematic representation of a continu-
ous core reinforced filament to be utilized with the printing
system prior to deposition;

[0057] FIG. 17C is a schematic representation of the con-
tinuous core reinforced filament and surrounding beads of
materials after deposition using compaction pressure;

[0058] FIG.18A is a schematic representation of a prior art
extrusion nozzle;

[0059] FIG. 18B is a schematic representation of a diver-
gent nozzle;

[0060] FIG. 18C is a schematic representation of the diver-
gent nozzle of FIG. 18B shown in a feed forward cleaning
cycle;

[0061] FIG.19A is a schematic representation of a continu-

ous core filament being printed with a straight nozzle;
[0062] FIG. 19B is a schematic representation of a green
towpreg being printed with a straight nozzle;

[0063] FIGS. 19C-19E are schematic representations of a
continuous core filament being threaded and printed with a
divergent nozzle;

[0064] FIG. 20A is a schematic representation of a multi-
material conduit nozzle with a low friction cold feeding zone;
[0065] FIG.20B is a schematic representation of a slightly
convergent conduit nozzle including a low friction cold feed-
ing zone;

[0066] FIG. 21 is a schematic representation of a three
dimensional printing system including a print arm and select-
able printer heads;

[0067] FIG. 22 is a schematic representation of a three
dimensional printing system using a continuous core rein-
forced filament;

[0068] FIG. 23A is a schematic representation of a semi-
continuous core filament positioned within a deposition head;
[0069] FIG. 23B is a schematic representation of a semi-
continuous core filament with overlapping strands positioned
within a nozzle;

[0070] FIG. 23C is a schematic representation of a semi-
continuous core filament with aligned strands and positioned
within a nozzle;

[0071] FIG. 24A is a schematic representation of a mul-
tifilament continuous core;

[0072] FIG. 24B is a schematic representation of a semi-
continuous core filament with offset strands;

[0073] FIG. 24C is a schematic representation of a semi-
continuous core filament with aligned strands;

[0074] FIG. 24D is a schematic representation of a semi-
continuous core filament with aligned strands and one or
more continuous strands;

[0075] FIG. 251s a schematic representation of a fill pattern
using a semi-continuous core filament;

[0076] FIG. 26 is a schematic representation of a stere-
olithography three dimensional printing process including
deposited reinforcing fibers; and

[0077] FIG. 27 is a schematic representation of a stere-
olithography three dimensional printing process including
deposited reinforcing fibers

DETAILED DESCRIPTION

[0078] Inboth oftherelatively recent arts of additive manu-
facturing and composite lay-up, coined words have become
common. For example, a “prepreg” is a pre-impregnated
composite material in which a resin matrix and a fiber assem-
bly are prepared ahead of time as a composite raw material. A
“towpreg” is “prepreg” formed from a combination of a “tow”
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(a bundle of hundreds to thousands of fiber strands at very
high fiber percentage, e.g., 95%) and a sticky (at room tem-
perature) resin, conventionally being dominated by the fibers
of the impregnated tow (e.g., 75% fiber strands), with the
sticky resin being impregnated as a means of transferring
shear between fiber strands roughly adjacent in a filament
winding process and sticking the towpreg to the rotated mem-
ber. “Pultrusion” is one of the processes of making a towpreg,
where a tow is pulled through a resin to form—in a process
conducted entirely in tension—elongated and typically hard-
ened composites including the tow embedded in the resin.
[0079] As used herein, “extrusion” shall have its conven-
tional meaning, e.g., a process in which a stock material is
pressed through a die to take on a specific shape of a lower
cross-sectional area than the stock material. Fused Filament
Fabrication (FFF) is an extrusion process. Similarly, “extru-
sion nozzle” shall have its conventional meaning, e.g., a
device designed to control the direction or characteristics of
an extrusion fluid flow, especially to increase velocity and/or
restrict cross-sectional area, as the fluid flow exits (or enters)
an enclosed chamber.

[0080] In contrast, the present disclosure shall use the
coined word “push-pultrusion” to describe the overall novel
process according to the invention, in which unlike extrusion,
forward motion of the fiber reinforced composite printing
material includes a starting, threading, or initialization phase
of compression followed by tension of embedded fiber
strands, as well as melted/cured and unmelted/uncured states
of'the matrix throughout the printhead as the printing material
forms bonded ranks on a build table, and successively within
a part. The present disclosure shall also use the coined word
“conduit nozzle” or “nozzlet” to describe a terminal printing
head according to the invention, in which unlike a FFF nozzle,
there is no significant back pressure, or additional velocity
created in the printing material, and the cross sectional area of
the printing material, including the matrix and the embedded
fiber(s), remains substantially similar throughout the process
(even as deposited in bonded ranks to the part).

[0081] As used herein, “deposition head” shall include
extrusion nozzles, conduit nozzles, and/or hybrid nozzles.

[0082] The present disclosure shall also use the coined
word “push-pulpreg” to describe a material useful in push-
pultrusion, which—in contrast to a conventional towpreg—
the resin is preferably a thermoplastic that (i) provides suffi-
cient friction and exposed resin material to be fed by rollers or
other friction feed (ii) is sufficiently stiff (i.e., normal
unmelted elastic modulus) to be pushed through a clearance
fit tube or channel without buckling in an unmelted, “glass”
state, the stiffness provided by the embedded fiber strands and
to a lesser extent the unmelted matrix resin (iii) and/or has no
appreciable “tack”/molecular diffusion in ambient condi-
tions, i.e., is in a “glass” state in ambient or even warmed
conditions so that it can be readily pushed through such a tube
without sticking.

[0083] Consolidation is typically advantageous to remove
voids that result from the inability of the resin to fully displace
air from the fiber bundle, tow, or roving during the processes
that have been used to impregnate the fibers with resin. The
individually impregnated roving yarns, tows, plies, or layers
of prepregs are usually consolidated by heat and pressure by
compacting in an autoclave. The consolidation step has gen-
erally required the application of very high pressures and high
temperatures under vacuum for relatively long times. Further-
more, the consolidation process step using an autoclave or
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oven requires a “bagging” operation to provide the lay-up
with a sealed membrane over the tool to allow a vacuum to be
applied for removal of air and to provide the pressure differ-
ential necessary to effect consolidation in the autoclave. This
process step further reduces the total productivity of the com-
posite part operation. Thus, for a thermoplastic composite it
would be advantageous to in-situ consolidate to a low void
composite while laminating the tape to the substrate with the
ATL/AFP machine. This process is typically referred to as
in-situ ATL/AFP and the material used in that process called
an in-situ grade tape.

[0084] Lastly, in the three-dimensional printing art, “fila-
ment” typically refers to the entire cross-sectional area of a
spooled build material, while in the composites art, “fila-
ment” refers to individual fibers of, for example, carbon fiber
(in which, for example, a “1K tow” will have 1000 individual
strands). For the purposes of the present disclosure, “fila-
ment” shall retain the meaning from three-dimensional print-
ing, and “strand” shall mean individual fibers that are, for
example, embedded in a matrix, together forming an entire
composite “filament”.

[0085] Additive manufacturing methods often result in
reduced the strength and durability versus conventional
molding methods. For example, Fused Filament Fabrication
results in a part exhibiting a lower strength than a comparable
injection molded part, due to weaker bonding between the
adjoining strips (e.g., “bonded ranks™) of deposited material
(as well as air pockets and voids.

[0086] Prepreg sheet composite construction method are
time consuming and difficult, and thereby expensive. Further,
bending prepreg sheets around curves may cause the fibers to
overlap, buckle, and/or distort resulting in undesirable soft
spots.

[0087] Feeding a commercial fiber “Towpreg” through a
plastic bath to add matrix resin, then further feeding through
a custom print head does not result in a viable additive pro-
cess, due to the extremely flexible and high-friction (sticky)
construction. Moreover, this process binds the speed of
manufacturing this composite to the speed of printing it (even
were printing viable). Towpreg typically requires, and is sold
with appropriate “tack” (a level of room-temperature adhe-
sion sufficient to maintain the position of the tow after it has
been deposited on a tool or lay-up). Further, towpreg “green”
materials tend to entrap air and include air voids, which are
only removed by high tension and/or a subsequent vacuum
and/or heating steps. These steps also slow down the printing
process.

[0088] Accordingly, there is a need for composite additive
manufacturing that is faster than lay-up or winding; that
reduces or prevents entrapped air in the bonded ranks, avoid-
ing most vacuum or heating post-processes; that provides an
ability to deposit composite material in concave shapes, and/
or construct discrete features on a surface or composite shell.
[0089] Turning now to the figures, specific embodiments of
the disclosed materials and three dimensional printing pro-
cesses are described.

[0090] FIG. 1A depicts an embodiment of a three dimen-
sional printer 3000 in before applying a fiber reinforced com-
posite filament 2 to build a structure. The fiber reinforced
composite filament 2 (also referred to herein as continuous
core reinforced filament) may be a push-pulpreg that is sub-
stantially void free and includes a polymer or resin 4 that
coats or impregnates an internal continuous single core or
multistrand core 6.
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[0091] The fiber reinforced composite filament 2 is fed
through a conduit nozzle 10 heated (e.g., by a band heater or
coil heater) to a controlled push-pultrusion temperature
selected for the matrix material to maintain a predetermined
viscosity, and/or a predetermined amount force of adhesion of
bonded ranks, and/or a surface finish. In some embodiments,
the filament 2 is dragged or pulled through the conduit nozzle
10 as described herein. The push-pultrusion may be greater
than the melting temperature of the polymer 4, less than a
decomposition temperature of the polymer 4 and less than
either the melting or decomposition temperature of the core 6.

[0092] After being heated in the conduit nozzle 10 and
having the matrix material or polymer 4 substantially melted,
the continuous core reinforced filament 2 is applied onto a
build platen 16 to build successive layers 14 to form a three
dimensional structure. One or both of (i) the position and
orientation of the build platen 16 or (ii) the position and
orientation of the conduit nozzle 10 are controlled by a con-
troller 20 to deposit the continuous core reinforced filament 2
in the desired location and direction. Position and orientation
control mechanisms include gantry systems, robotic arms,
and/or H frames, any of these equipped with position and/or
displacement sensors to the controller 20 to monitor the rela-
tive position or velocity of conduit nozzle 10 relative to the
build platen 16 and/or the layers 14 of the part being con-
structed. The controller 20 may use sensed X, Y, and/or Z
positions and/or displacement or velocity vectors to control
subsequent movements of the conduit nozzle 10 or platen 16.
For example, the three dimensional printer 1000 may include
a rangefinder 15 to measure distance to the platen 16, a
displacement transducers in any of three translation and/or
three rotation axes, distance integrators, and/or accelerom-
eters detecting a position or movement of the conduit nozzle
10 to the build platen 16. As depicted in FIG. 1A, a (e.g., laser)
range sensor 15 may scan the section ahead of the conduit
nozzle 10 in order to correct the Z height ofthe conduit nozzle
10, or the fill volume required, to match a desired deposition
profile. This measurement may also be used to fill in voids
detected in the part. The range finder 15 may measure the part
after the filament is applied to confirm the depth and position
of'the deposited bonded ranks.

[0093] The three dimensional printer 1000 may include a
cutter 8 controlled by the controller 20 that cuts the continu-
ous core reinforced filament (e.g., without the formation of
tails) during the deposition process in order to (i) form sepa-
rate features and components on the structure as well as (ii)
control the directionality or anisotropy of the deposited mate-
rial and/or bonded ranks in multiple sections and layers. As
depicted the cutter 8 is a cutting blade associated with a
backing plate 12 located at the conduit nozzle eyelet or outlet.
Other cutters include laser, high-pressure air or fluid, or
shears.

[0094] FIG. 1A also depicts at least one secondary print
head 18 optionally employed with the three dimensional
printer 1000 to print, e.g., protective coatings on the part
including 100% resin FFF extrusion, a UV resistant or a
scratch resistant coating. A description of a coupled or com-
pound FFF printhead 1800 may be found herein, and this
description applies to protective coatings in general.

[0095] FIG. 1B depicts an embodiment of a three dimen-
sional printer 3001 in applying a fiber reinforced composite
filament 2 to build a structure. Like numbered features are
similar to those described with respect to FIG. 1A.
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[0096] As depicted in FIG. 1B, upstream of a driven roller
42 and an idle roller 40, a spool (not shown) supplies under
mild tension an unmelted void free fiber reinforced composite
filament. The filament including at least one axial fiber strand
extending within a matrix material of the filament, having no
substantial air gaps within the matrix material. In this
example, the fiber reinforced composite filament 2 is a push-
pulpreg including a nylon matrix 4A that impregnates hun-
dreds or thousands of continuous carbon fiber strands 6A.

[0097] A “zone” as discussed herein is a segment of the
entire trajectory of the filament from the spool (not shown) to
the part. The driven roller 42 and an idle roller 40 feed or push
the unmelted filament at a feed rate (which is optionally
variably controllable by the controller 20, not shown, and
optionally is less than the printing rate, with any differential
between these rates absorbed along the filament by a slip
clutch or one-way bearing), along a clearance fit zone 3010,
3020 that prevents buckling of filament. Within a non-contact
cavity or non-contact zone 714, the matrix material of the
composite filament may be heated. The fibers 6 A within may
be under axial compression at the threading stage or begin-
ning of the printing process, as the feeding or pushing force of
the rollers 42, 40 transmits through the unmelted matrix to the
fibers along the clearance fit zone 3010, 3020.

[0098] “Threading” is a method of pushing a pushpreg or
push-pulpreg through an outlet wherein the stiffness of the
pushpreg or push-pulpreg is sufficiently greater than the
sticking/drag force (to prevent buckling or flaring/jamming of
the pushpreg or push-pulpreg) over the time scale of the
stitching operation. Initially, in a threading stage, the melted
matrix material 6A and the axial fiber strands 4A of the
filament 2 are pressed into the part with axial compression,
and as the build platen and print head are translated with
respect to one another, the end of the filament contacts the
ironing lip 726 and is subsequently continually ironed in a
transverse pressure zone 3040 to form bonded ranks in the
part 14. Transverse pressure means pressure to the side of the
filament, and is also discussed herein as “ironing”. As shown
by the arrow, this transverse pressure zone 3040 (along with
attached parts of the print head) may be translated adjacent to
the part 14 at a printing rate (or the printing rate may be a
result of translation of both or either one of the platen 16 and
print head).

[0099] The matrix material is, in this example, with respect
to tensile and compressive elastic modulus, a thermoplastic
resin having an unmelted elastic modulus of approximately
0.1 through 5 GPa and a melted elastic modulus of less than
0.1 GPa, and the fiber strands are of a stranded material
having an elastic modulus of approximately 5-1000 GPa. In
this manner, the strands of fiber are sufficiently resistant to
deformation to enable the entire filament to be “pushed”
through limited friction in small clearance channels, and even
through free space when the matrix is melted. With respect to
tensile ultimate strength, the matrix material is preferably a
thermoplastic resin having an unmelted ultimate tensile
strength of approximately 10 through 100 MPa and a melted
ultimate tensile strength of less than 10 MPa, and the at least
one axial strand includes a stranded material having an ulti-
mate tensile strength of approximately 200-100000 MPa. In
this manner, the internal strands of fiber are sufficiently resis-
tant to stretching or snapping to enable the entire filament to
be maintained in neutral to positive (i.e., from zero tension
and higher amounts of tension) tension over significant dis-
tances extending through free space from the bonded ranks, in
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some cases before the matrix fully solidifies. Most filaments
will have a cross sectional area greater than 1x107> (1x10E-5)
inches and less than 2x10° 2x10E-3 inches. In the case of
multi-strand fibers, the filament may include, in any cross-
section area, between 100 and 6000 overlapping axial strands
or parallel continuous axial strands (particularly in the case of
carbon fiber strands).

[0100] Either or both of the printing head or conduit nozzle
708 or the build platform 16 may be translated, e.g., the feed
rate and/or the printing rate are controlled to maintain com-
pression in the filament in the threading stage, and to maintain
neutral to positive tension in the printing operation. The
matrix material 4A of the filament 2 may be heated and
melted in the non-contact zone 3030 (in particular, so that
there is less opportunity to stick to the walls of the conduit
nozzle 708), but is melted or liquefied at the ironing lip or tip
726. The larger or diverging diameter of the non-contact zone
optionally prevents the filament from touching a heated wall
714 of the cavity defining the non-contact zone. The feed and
printing rates may be monitored or controlled to maintain
compression, neutral tension, or positive tension within the
unsupported zone as well as primarily via axial compressive
or tensile force within fiber strand(s) extending along the
filament.

[0101] As shown in FIGS. 1B and 1C, the transverse pres-
sure zone 3040 includes an ironing lip 726 that reshapes the
filament 2. This ironing lip 726 may be a member that com-
pacts or presses the filament 2 into the part to become bonded
ranks. The ironing lip 726 may also receive heat conducted
from the heated walls 714 or other heat source, in order to
melt or liquefy the matrix material 4A of the filament 2 in the
transverse pressure zone 3040. Optionally, the ironing lip 726
in the transverse pressure zone 3040 flattens the melted fila-
ment 2 on the top side, applying an ironing force to the melted
matrix material and the axial fiber strands as the filament 2 is
deposited in bonded ranks. This may be facilitated by ensur-
ing that the height of the bottom of the ironing lip 726 to the
top of the layer below is less than the diameter of the filament.
Another reshaping force is applied spaced opposite of the
ironing lip 726 to the melted matrix material and the axial
fiber strands as a normal reaction force from the part itself.
This flattens the bonded ranks on at least two sides as the
melted matrix material 4A and the axial fiber strands 6A are
pressed into the part 14 in the transverse pressure zone 3040
to form laterally and vertically bonded ranks (i.e., the ironing
also forces the bonded ranks into adjacent ranks).

[0102] Accordingly, the ironing lip 726 and the normal
reaction force from the part itself oppose one another and
sandwich or press the melted composite filament therebe-
tween to form the bonded ranks in the part 14. The pressure
and heat applied by ironing improves diffusion and fiber
penetration into neighboring ranks.

[0103] As shown in FIG. 1B, in this example, unmelted
fiber reinforced filament is cut at or adjacent the clearance fit
zone 3010, 3020. [t may be cut, as shown in FIG. 1A, ina gap
62 between a guide tube 72 (having a clearance fit) and the
conduit nozzle 708, or may be cut within the conduit nozzle
708, e.g., upstream of the non-contact zone 3030. Alterna-
tively or in addition, the core reinforced filament may be cut
by a cutter 8 positioned at or adjacent either one of the clear-
ance fit zone 3010, 3020 or the ironing lip 725. The clearance
fitzone 3010, 3020 includes an optionally interrupted channel
forming a clearance fit about the fiber reinforced composite
filament 2, and this is preferably one of a running fit or a
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clearance location fit, in any even sufficient clearance to per-
mit the filament to be pushed along, even in axial compres-
sion, without sticking and without buckling.

[0104] The pushing/feeding along the axial direction, and
ironing within the transverse pressure zone 3040 are not
necessarily the only forces forming the bonded rows. Alter-
natively, or in addition, the transverse pressure zone 3040
and/or ironing lip 726 are translated respective to the part 14
at a printing rate that maintains neutral to positive tension in
the fiber reinforced composite filament 2 between the ironing
lip 726 and the bonded ranks of the part 14, this tension being
less than that necessary to separate a bonded rank from the
part 14.

[0105] For example, after the matrix material 6 A is melted
by the ironing lip or tip 726, the feed and/or printing rate can
be controlled by the controller 20 to maintain neutral to posi-
tive tension in the composite filament 2 between the ironing
lip 726 and the part 14 primarily via tensile force within the
fiber strands 4A extending along the filament 2. This is espe-
cially the case at the end of bonded ranks and in making a turn
to begin a new adjacent rank in the opposite direction, as
pressure from the ironing lip into the part 14 may be released.
This can also be used to form bridges through open space, e.g.
by drawing the fiber reinforced composite filament 2 in the
transverse pressure zone 3040 from a connection to a first
portion of the part 14; then translating the transverse pressure
zone 3040 through free space; then ironing to reconnect the
fiber reinforced composite filament 2 to a second portion of
the part 14.

[0106] Unlike a true extrusion process, the cross sectional
area of the filament 2 is substantially maintained the entire
time, and none of the strands, the matrix, nor the filament 2
lengthens nor shortens appreciably. The feed rate of the
spooled push-pulpreg and the formation rate (the printing
rate) of the bonded ranks are substantially the same (although
for portions of the conveyance or feeding, slip clutches or
one-way bearings may permit slack, build-up or differential).
At times, the feed rate and the compression rate may be
temporarily and differentially controlled to balance sufficient
neutral to positive axial tension downstream of the ironing lip
726, or a slip clutch may be used to allow one of feed rate or
printing rate to slip. However, a substantially constant cross
sectional area of the fiber reinforced composite filament is
maintained in the clearance fit zone, the unsupported zone,
the transverse pressure zone, and also as a bonded rank is
attached to the workpiece or part 14.

[0107] FIG. 1C depicts a cross section of a compound
(dual) print head with an extrusion printhead 1800 and extru-
sion nozzle 1802 for FFF and a fiber deposition printhead 199
and conduit nozzle 708 for continuous fiber reinforced ther-
moplastic deposition. Like numbered features are similar to
those described with respect to FIGS. 1A and 1B. These two
contrasting material types are not necessarily printed simul-
taneously, so it can be efficient to place them on the same X-Y
mechanism (or X-Y-Z). This enables the two printheads 1800,
199 to share optional components both in manufacturing
(e.g., commonly configured heat sinks, heater blocks, or insu-
lation block) as well as share active components in operation
(e.g., common cooling fans at the part-nozzle interface and/or
for the heat sinks).

[0108] While each printhead 1800, 199 can be located inde-
pendently and on its own movement mechanism, the adjacent
juxtaposition in FIG. 1C facilitates the following contrasting
discussion.
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[0109] As noted herein, the FFF process uses pressure
within upstream molten material to extrude downstream mol-
ten material out of the extrusion nozzle. That is, during a print
run, slice, or path segment within a slice, thermoplastic FFF
extrusion, maintains the part material loaded in a reservoir
1804, 1808 in the heated zone of the print head 1800 such that
the material therein is molten, and thereby ready to print as
quickly as possible after the prior segment is complete. While
the filament is driven upstream in an unmelted temperature
state, following a sharp thermal gradient 1808 created by a
thermal isolator or resistor 1809 and maintained by air cool-
ing, a reservoir 1804 of melted material awaits driving and
pressurization.

[0110] As noted herein, in contrast, the fiber reinforced
thermoplastic filament is specifically held in a non-molten
position (e.g., within Teflon tube 713) so that it can be
threaded to being each segment and then deposited. The pro-
cess of “fiber force transfer” uses the stiffness of confined
fiber 2 (e.g., confined via the relatively cold thermoplastic
matrix and/or small-clearance tubes at 712, 64, 72) to push/
pull a fiber and resin bundle through the fiber reinforced
filament deposition side of the print head 199. This uses axial
force extending within and along the non-molten strands that
advance all the way through the tip 726 of the deposition
nozzle 708, pulling the plastic resin coating with said fiber.
[0111] Itis non-critical, but advantageous, to keep the fiber
reinforced filament at ambient temperature and/or below
glass transition temperature until it is within %5-3 cm from the
ironing tip 726, i.e., retain it upstream and out of or insulated
from/isolated from any heated zone 3040, 3030, 3035.
[0112] It is also non-critical, but advantageous, to reduce
the surface area in contact or the residence time of potential
filament-to-wall contact in the last ¥4-1 cm of the conduit
nozzle 708 by the techniques discussed herein, e.g., to allow
mostly radiant heat transfer only, employing an inner diam-
eter of the last stage 714 of the conduit nozzle of %2-5 times
the filament diameter, e.g., 40 thou inner diameter nozzle for
13 thou filament, this larger inner diameter 714 being down-
stream of a smaller inner diameter (e.g., 32 thou at channel
712) to encourage staying away from the walls of cavity 714
and avoid interior ledges that may catch the filament 2 as it is
threaded. As described herein, this is also a self-cleaning
technique—wherein the pre-preg fiber embedded filament
material 2 is guided to minimally touch the walls 714 of a hot
conduit nozzle 708, such that the filament 2 can be threaded
through without clogging, or peeling back fiber strands in the
bundle.

[0113] It is also non-critical, but advantageous, to reduce
the residence time of potential filament-to-wall 2-to-714 con-
tactin the last ¥4-1 cm of the conduit nozzle by the techniques
discussed herein, e.g., to employ sufficient threading speed—
e.g., 100 mm/s or higher—during threading to reduce the
amount of heat transfer from any adjacent surface such as the
inner diameter wall 714.

[0114] These non-critical techniques may be combined. As
the conduit nozzle temperature increases above the glass tran-
sition temperature, it may be advantageous to reduce the
residence time of the composite strand filament 2 in the con-
duit nozzle 708 by keeping the filament 2 upstream in the
non-heated zone, and threading the filament 2 through the
conduit nozzle 708 sufficiently quickly to prevent melting of
the matrix

[0115] Stationing the pre-preg continuous fiber filament 2
upstream of a hot conduit nozzle 708 when not printing,
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and/or using a larger diameter nozzle tip 714-726, and
increases the ability to push the fiber core filament 2 through
the nozzle 708 (threading), and discourages jamming or clog-
ging, as the fiber core filament 2 do not stick to the nozzle wall
714 through adhesion and friction, and tend not to flare out
when pushed. Some melting of matrix material in the last
portion 714 of the conduit nozzle 708 is tolerable, as the small
inner diameters 72, 62, 712 and fiber 2 may retain sufficient
stiffness to thread to the part. However, this increases the
likelihood of clogging.

[0116] Itisnon-critical, but aless advantageous alternative,
to use a cold conduit nozzle 708 for threading. In this case, the
temperature of the conduit nozzle 708 is reduced to below the
melting point of the matrix material (e.g., 40 degrees C.), and
the cold filament 2 threaded therethrough. In this case, there
is no short dwell time or filament speed requirement in thread-
ing. Disadvantageously, the conduit nozzle 708 would have to
be cycled through cooling and heating steps for each segment
printed, which could increase printing time considerably for
short-segment prints.

[0117] Continuing with reference to FIG. 1C, each of the
printheads 1800 and 199 are mounted on the same linear
guide such that the X, Y motorized mechanism of the printer
moves them in unison. As shown, the FFF printhead 1800
includes an extrusion nozzle 1802 with melt zone or melt
reservoir 1804, a heater 1806 for heating the heater block and
the nozzle. The melt reservoir 1804 continues into a high
thermal gradient zone 1808, substantially formed by a ther-
mal resistor 1809 mounted outside the heating block. A heat
sink surrounds the thermal resistor 1809 to further enhance
the thermal gradient. The thermal gradient separates the melt
reservoir 1804 from an unmelted zone 1810, which may be
inside the thermal resistor 1809 and/or a Teflon tube 1811. A
1.75-1.8 mm or 3 mm thermoplastic filament driven through,
e.g., a Bowden tube provides extrusion back pressure in the
melt reservoir 1804.

[0118] Parallel to, adjacentto, and of substantially the same
height from the build platen 16, the a continuous fiber print-
head 199 can be adjusted via a flexure and set-screw mecha-
nism to move vertically relative to the extrusion printhead
1800 while firmly restricted to move only in the vertical
direction relative to the extrusion printhead 1800. The com-
panion continuous fiber embedded filament printhead 199, as
shown, includes the conduit nozzle 708, the composite iron-
ing tip 728, and the limited contact cavity 714, in this example
each within a heating block heated by a heater 715. A cold
feed zone 712 is formed within a receiving tube 64, including
a capillary-like receiving tube of rigid material and a small
diameter (e.g. inner diameter of 32 thou) Teflon/PTFE tube
extending into the nozzle 708. The cold feed zone is sur-
rounded in this case by a PEEK insulating block 664 and a
heat sink 665, but these are fully optional. In operation, an
unattached terminal end of the fiber-embedded filament may
be held in the cold feed zone, e.g., at height P1. Distance P1,
as well as cutter-to-tip distance R1, are retained in a database
for permitting the controller to thread and advance the fiber-
embedded filament as discussed herein. A thermal resistor,
optionally of less thermal resistance than the thermal resistor
1809 of the FFF printhead 1800, cooperates with the Teflon/
PTFE tube, Teflon/PEEK block 664, and heat sink 665 to
provide a thermal gradient marking the transition from the
cold feed zone 712. Further as shown, the controller 20 is
operatively connected to the cutter 8, 8A, and feed rollers 42
facing idle rollers 40.
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[0119] FIG. 1D shows a schematic close-up cross section of
the conduit nozzle 708. As shown in FIG. 1D, and depicted
essentially proportionately, the inner diameter of the receiv-
ing tube 64 (in this case, at a position where a Teflon/PTFE
inner tube forms the inner diameter) is approximately 14 to
2Y4 times (at, e.g., 32 thou) the diameter of the filament 2 (at,
e.g., 13 thou) shown therewithin. The inner diameter or inner
width of the terminal cavity 714 (at, e.g., 40 thou (is from two
to six times the diameter of the filament 2 shown therein.
These are preferred ranges, it is considered the diameter of the
receiving tube may be from 140 to 3 times the diameter of the
filament, and the inner diameter of the terminal cavity from
two to 12 times the diameter of the filament. The terminal
cavity is preferably of larger diameter than the receiving tube.
[0120] In addition, as shown in essentially proportionately
in FIG. 1D, the heated composite filament ironing tip 726 is
moved relative to the part, at a height above the part of less
than the filament diameter, to iron the fiber reinforced com-
posite filament as it is deposited to reshape a substantially
oval or circular bundle of inelastic axial fiber strands (labeled
2a) within the fiber reinforced composite filament to a sub-
stantially flattened block of inelastic fibers strands within a
bonded rank (labeled 2C) of the part.

[0121] Features of the compound printing head are among
the inventions discussed herein. For example, it is considered
an optional part of the present invention to provide a three
dimensional printer and printing process in which compound
print heads (two or more) are provided, wherein one printing
head 199 includes a composite filament ironing tip 708 that
irons deposited fiber with heat and pressure as discussed
herein, as well as an extrusion tip 1802 that extrudes thermo-
plastic compatible with the deposited fiber, but does not iron
the thermoplastic (“ironing” fluidized thermoplastic is
unlikely if not impossible); and/or where one printing head
199 holds filament and thermoplastic substantially away from
the nozzle tip 726 between printing segments, and the other
printing head 1800 maintains a molten thermoplastic reser-
voir 1804 immediately adjacent the nozzle 1802 tip between
printing segments; and/or wherein one printing head 199
employs a cutter 8 to sever the filament 2 at a known distance
R1 from the tip 708 in a cold feed zone 712 to separate one
printed segment from a subsequent printed segment, where
the other printing head 1800 employs no cutter but melts
filament near a thermal gradient 1809 to separate one segment
from the subsequent segment.

[0122] In addition or in the alternative, it is considered an
optional part of the present invention to provide a three
dimensional printer and printing process in which compound
print heads (two or more) are provided, wherein one printing
head 199 includes a terminal cavity 714 having at least 4 times
the volume of any partially melted or melted thermoplastic-
containing filament 2 resident therein or passing there-
through, and thereby the filament does not substantially con-
tact, wet, or adhere to walls of that cavity 714, where the other
printing head 1800 includes a terminal reservoir 1804 of
identical volume to partially melted or melted thermoplastic-
containing filament resident therein or passing therethrough,
and thereby the molten thermoplastic fully contacts, wets,
and/or adheres to walls of that reservoir 1804.

[0123] In addition or in the alternative, it is considered an
optional part of the present invention to provide a three
dimensional printer and printing process in which compound
print heads (two or more) are provided, wherein the filament
feed mechanism leading to the printing head 199 advances a
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continuous length filament 2 at substantially constant cross-
sectional area and linear feed rate substantially through the
entire printhead 199 to deposit it to a part 14 on a build platen
16, where the other print head 1800 melts and transforms,
adjacent and upstream of the nozzle 1802 at the thermal
gradient 1809, the cross-sectional area and linear feed rate to,
e.g., for 1.75 mm supply filament, in the neighborhood of
10-20 times the linear feed rate (e.g., printing at /s cross
sectional area of the filament), and for 3.0 mm supply fila-
ment, in the aneighborhood of 40-60 times the linear feed rate
(e.g., printing at Yo cross sectional area of the filament).

[0124] In modification of any or all of the above, it is
considered part of the present invention to provide a three
dimensional printer and printing process in which compound
print heads (two or more) are provided, wherein each print
head 199, 1800 includes a Teflon/PTFE or other low-friction
channel therethrough; and/or each print head 199, 1800
includes a thermal resistor that provides between %2 to %3 of a
temperature drop between the respective nozzle 708, 1802
and unmelted zone; this thermal resistor being one of stain-
less steel, Hastelloy, Inconel, Incoloy, ceramic, or ceramic
composite.

[0125] FIG. 2 presents a schematic flow diagram of a three
dimensional printing process using the system and controller
depicted in FIG. 1A, 1B, 1C or 4. In FIG. 2, more optional
steps of the invention that individually or in any combination
may modify some embodiments or aspects of the invention
disclosed in FIG. 2 are denoted with dotted lines and an “A”
suffix, although none of the steps shown are individually
critical or in the particular order shown, except as inherently
necessary. Initially a continuous core or multistrand fiber
reinforced filament 2 is supplied (e.g., from a spool, as a
push-pulpreg) at step S103. As shown in step S103 A, supply-
ing in cartridge form can be important, as it permits complete
independence between processes of manufacturing the push-
pulpreg and printing. That is, either manufacturing of push-
pulpreg or printing could be a limiting speed factor, and by
using prepared cartridges or rolls of interchangeable filament,
each is made independent. In step S105, the filament 2 is
drawn from the supply or spool (e.g., by rollers) and fed in an
unmelted, relatively stiff state through a clearance fit, or a
succession of clearance fits, that may prevent buckling of the
filament as it is pushed and fed. Optionally, as shown in step
S105A, during the threading or stitching process, the filament
is fed in a manner that keeps axial compression in the filament
2 downstream of the feed (noting that this may change into
axial neutral or positive tension in optional step S113 A after
the lateral pressing step S111) into the heated conduit nozzle
708.

[0126] In step S107, the filament (and thereby the matrix
material) is heated to a desired temperature that is greater than
a melting temperature of the resin and is less than a melting
temperature of the continuous core or strands at step S107.
This completion of this step may be out of order with respect
to that shown in FIG. 2, i.e., the heating of the ironing tip 726
or other heating zone may be initiated at step S107, but the
actual melting may take place only in step S11A. Moreover
the heating zone may be the final zones along the path, i.e., the
ironing tip or non-contact zone, as shown in optional step
S107A. This step melts the matrix material throughout and
permits the shape of the filament to change, e.g., from a
circular cross section or an oval cross section to a square or
rectangular cross section as it is packed/pressed into the part,
while nonetheless keeping a substantially similar or identical
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cross sectional area. As noted in optional step S107A, this
heating may take place in or at an ironing tip 726 at the tip of
the conduit nozzle. Further, within a non-contact the zone 714
or 3030, the walls of the conduit nozzle 708 are sufficiently
distant from the filament 2 such that even heating into a
plastic, glass transition or tacky form will not adhere the
filament to the walls. At step S108, the controller 20 of the
three dimensional printer 1000, 199 controls, (optionally in
step S108A using the sensors described herein), position,
speed, or acceleration of the conduit nozzle 708 relative to the
build platen 16 or part, and may also monitor distances ther-
ebetween and temperature properties at each zone or within
each zone.

[0127] In step S110, while controlling the position and
movement of the heated conduit nozzle 708, the controller 20
controls the feed rate, print rate, cutter 8 and/or temperatures
to maintain an axial compression in the close fitting zone
3010 or 3020 (upstream and downstream of a cutter 8) and the
heating and/or non-contact zone 714, 3030 in the threading
phase, or, in the printing phase; and/or controls pressing,
compressing, or flattening pressure or force within zone
3040; and/or in the printing phase controls axial neutral to
positive tension within the filament between the bonded ranks
within the part 14 and the lateral or transverse pressure zone
3040 and/or ironing lip 208, 508, and/or 726.

[0128] Instep S111, under the control of the controller 120,
the filament (matrix and fibers) 2 is pressed into the part 14.
Optionally, as shown in step S111A, this is performed with an
ironing lip or tip 208, 508, and/or 726, which may be smooth
but also may be more like a doctor blade (for abrasion resis-
tant fibers such as aramid). Simultaneously, the pressing zone
3040 and/or built platen or platform 16 are translated (option-
ally in 3 axes, and further optionally rotated in 3 rotational
axes) with respect to one another at step S113. Optionally as
shown by optional step S113A, in this step S113, neutral or
positive tension is maintained and/or increased in the filament
between the tip 208, 508, and/or 726 and the part 14.

[0129] Instep S115, the ironing (pressing and heating) and
relative translating (or relative printing motion for multi-axis
implementations) adheres the bottom and sides of melted
matrix within the filament 2 to form bonded ranks in the part
14. As discussed herein and as shown in step S115A, these
ranks may optionally be tight boustrophedon ranks, may be
circular, oval, or oblate loops (e.g., racetrack shapes for long
parts), may proceed with small turns in a “Zamboni” pattern,
and in any of these patterns or other patterns may be succes-
sively laid up such that one layer is parallel with or overlap-
ping the layer below, or is transverse to (perpendicular or
angled) to the layer below.

[0130] Instep S117, after reaching the desired termination
point, the continuous core reinforced filament may be cut. As
discussed in steps S117 and S117A, “cut” includes cutting at
a position within the compression zone 3010, 3020, in par-
ticular upstream of the conduit nozzle 8, and in particular of
the filament in an unmelted, glass state of the matrix material.
“Cut” may also include cutting ata position in downstream or
adjacent of the conduit nozzle 708. In addition, “cut” may
include, for embodiments in which the continuous strands are
formed in discrete, separated segments within the filament,
pulling the conduit nozzle 708 and build platen 16 away from
one another to separate the matrix material at a location where
one segment of continuous fiber is adjacent the next. The
controller 20 may then determine ifthe three dimensional part
is completed. If the printing process is not completed the
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controller may return to step S108 during which it senses the
current position and movement of the conduit nozzle prior to
depositing the next piece of continuous core reinforced fila-
ment. If the part is completed, the final part may be removed
from the build platen. Alternatively, an optional coating may
be deposited on the part using a secondary print head at S121
to provide a protective coating and/or apply a figure or image
to the final part.

[0131] FIGS. 3A-3D are schematic representations of a
different possible filaments useful with the invention,
although these are not necessarily to scale. FIGS. 3A and 3B
depict cross-sections v1.0 having a solid continuous core 6a
(e.g., a fiberglass fiber) and surrounding thermoplastic poly-
mer 4 or resin, respectively greater than 70% resin by cross-
sectional area and less than 30% resin (each by cross-sec-
tional area). FIGS. 3C and 3D depict cross-sections having
multi-strand fibers surrounded by and wicked/wetted by ther-
moplastic resin, respectively greater than 60% resin and all
fibers being %4 diameter or more from the perimeter; and less
than 30% resin with fibers distributed throughout the filament
and protruding from the perimeter. FIG. 4 depicts a cross-
section similar to FIG. 3D but including one or more separate
secondary functional strands 6c¢ and 6d (with electrical, opti-
cal, thermal or fluidic conducting properties to conduct
power, signals, heat, and/or fluids as well as for structural
health monitoring and other desired functionalities). For car-
bon fiber, resin amounts for printing in push-pulpreg manner
are from 30-90% (i.e., 10-70% fiber by cross sectional area).
[0132] According to one embodiment or aspect of the
invention, the polymer material is pre-impregnated as a push-
pulpreg such that the molten polymer or resin wicks into the
reinforcing fibers during the initial production of the material,
optionally into the entire cross-section of a multifilament.
Optionally per this aspect of the invention, strands of fiber
may be pre-treated with a coating(s) or agents, such as a
plasticizer, energy application by radiation, temperature,
pressure, or ultrasonic application to aid the polymer or resin
wicking into the cross section of the multifilament core with-
out voids. The heating temperature of the printing process in
zone 3030 may be at a lower temperature and/or higher vis-
cosity of melted material than the temperature or energy
necessary to accomplish wetting, wicking, tacking, or inter-
stitial penetration at lower viscosity to fill voids. Preparing the
push-pulpreg as a void-free prepreg permits filament width
and other properties (e.g., stiffness, smoothness) to be prede-
termined, reducing the need for complicated measurement
and variable control for different filaments (of the same type,
or of different types).

[0133] According to one embodiment or aspects of the
invention, a vacuum is provided within the heated section 714
of conduit nozzle 708 to remove air (including voids) while
the matrix material is melted. This construction may be used
even with filaments which may have air voids within (e.g.,
“green material”) including a solid or multifilament core
while under vacuum. In the alternative to or in addition to the
vacuum removal of voids the present invention, the filament
may be forced through a circuitous path, which may be pro-
vided by offset rollers or other configurations, to mechani-
cally work out entrapped air.

[0134] FIG. 4 depicts a block diagram and control system
of the three dimensional printer which controls the mecha-
nisms, sensors, and actuators therein, and executes instruc-
tions to perform the control profiles depicted in FIG. 5 and
processes depicted in FIGS. 2 and 11-13. A printer is depicted
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in schematic form to show possible configurations of three
commanded motors 116,118, and 120. It should be noted that
this printer may include the compound assembly of print-
heads 199, 1800 depicted in FIG. 1C.

[0135] As depicted in FIG. 4, the three-dimensional printer
3001 includes a controller 20 which is operatively connected
to the fiber head heater 715, the fiber filament drive 42 and the
plurality of actuators 116, 118, 120, wherein the controller 20
executes instructions which cause the filament drive to hold
an unattached terminal end of the composite filament 2 in the
cold feed zone 712 between the fiber filament drive 42 and the
ironing tip 726. The instructions are held in flash memory and
executed in RAM (not shown; may be embedded in the con-
troller 20). An actuator 114 for applying a spray coat, as
discussed herein, may also be connected to the controller 20.
In addition to the fiber drive 42, a filament feed 1830 be
controlled by the controller to supply the extrusion printhead
1800. A printhead board 110, optionally mounted on the
compound printhead 199, 1800 and moving therewith and
connected to the main controller 20 via ribbon cable, breaks
out certain inputs and outputs. The temperature of the ironing
tip 726 may be monitored by the controller 20 by a thermistor
orthermocouple 102; and the temperature of the heater block
holding nozzle 1802 of any companion extrusion printhead
1800 may be measured by a thermistor or thermocouple 1832.
A heater 715 for heating the ironing tip 726 and a heater 1806
for heating the extrusion nozzle 1802 are controlled by the
controller 20. A heat sink fan 106 and a part fan 108, each for
cooling, may be shared between the printheads 199, 1800 and
controlled by the controller 20. Rangefinder 15 is also moni-
tored by the controller 20. The cutter 8 actuator, which may be
a servomotor, a solenoid, or equivalent, is also operatively
connected. A lifter motor for lifting one or either printhead
199, 1800 away from the part (e.g., to control dripping) may
also be controlled. Limit switches 112 for detecting when the
actuators 116, 118, 120 have reached the end of their proper
travel range are also monitored by the controller 20.

[0136] As depicted in FIG. 4, an additional breakout board
122, which may include a separate microcontroller, provides
user interface and connectivity to the controller 20. An802.11
Wi-Fi transceiver connects the controller to a local wireless
network and to the Internet at large and sends and receives
remote inputs, commands, and control parameters. A touch
screen display panel 128 provides user feedback and accepts
inputs, commands, and control parameters from the user.
Flash memory 126 and RAM 130 store programs and active
instructions for the user interface microcontroller and the
controller 20.

[0137] FIG. 5 includes timing diagrams representative of a
threading and segment printing operation of the fiber print-
head 199 and carried out, e.g., pursuant to instructions repre-
sentative of the routine in FIG. 12, and comparative or com-
panion extrusion operations of the extrusion printhead 1800
as carried out, e.g., pursuant to instructions representative of
the routine in FIG. 13 (or another extrusion printhead). For
convenience in comparison, each timing diagram carries out
the beginning of a segment to be printed in alignment at time
T4 (for fiber) and T34 (for extrusion), although in practice this
would not be carried out if the printheads were borne by the
same actuating assembly.

[0138] Beginning with the fiber deposition process at the
top of FIG. 5, at time TO, the controller 20 commands the
fiber drive 42 to advance the fiber filament 2 from its resting
position (e.g., in the cold feed zone 712, or adjacent the cutter
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8, or both). The threading speed “T” is retained in the data-
base in flash and/or RAM. This begins the threading process.
It should be noted that an initial threading process will not
include a cut from the previous rank (shown at T6'). The
threading process continues while the fiber filament 2 is
driven all the way to the ironing tip 726 at time T2 at the
threading speed T by the runout distance R1 (also stored in the
database in flash and/or RAM). At this point, the unattached
terminal end of the fiber filament 2 has reached the part 14 or
build platen 16 itself if this is the first segment. At T2, depo-
sition of the fiber filament 2 beings. FIG. 5 depicts a speed
transition at T2, i.e., a faster threading speed T than feeding
speed F, but the feeding speed F may be the same, higher, or
lower than the threading speed.

[0139] More importantly, substantially simultaneously
with time T2, at time T4 at least one of the actuators 116, 118
is driven to begin moving the build platen 16 with respect to
the printhead 199 at a velocity similar to that of the feeding
speed F. Both actuators 116, 118 may activate in the same or
opposite directions or idle as necessary to form straight,
diagonal, and curved path segments in any 2 dimensional
direction. As detailed herein, a slipping mechanism may per-
mit the fiber filament 2 to be both ironed by the lip 726 and
pulled from the printhead 199 while the fiber drive 42 slips, or
the actuators 116, 118 and drive 42 may be more actively or
feedback controlled to maintain a neutral to positive tension
in the fiber filament 2. T4 is preferably substantially simulta-
neous with T2, but may be slightly (e.g., one or two mm)
before or after T2. Each of the fiber drive 42 and active
actuator(s) of 116 and 118 continues to drive throughout the
planned path of the fiber along the segment being printed. A
break in the timing chart accommodates a variable length of
the segment.

[0140] As the end of the segment approaches, the fiber
filament 2 must be severed. Preferably, one or both of the fiber
drive 42 and the active actuator 116 and/or 118 are paused
before severing, e.g., at T6 for the fiber drive 42 and at T8 for
the exemplary active actuator of 116 and 118. The fiber fila-
ment 2 is held between the part 14 and the fiber drive 42 and
can potentially be driven by either. The cutter 8 is actuated to
quickly sever the fiber filament at T7. Subsequently, the
runout distance R1 of fiber filament 2 remains in the printhead
199 extending to the cutter 8, but must still be printed.
Accordingly, although the fiber drive 42 does not restart after
the pause (there is no need), the actuator(s) 116, 118 continue
following the controller-directed path of the segment, again
by the runout distance R1, until the tail of the fiber filament 2
is bonded to the part 14 at time T10. It is an optional part of the
invention(s) herein that at least part of the printing and/or
ironing of bonded ranks or segments into the part 14 is carried
out with no filament drive 42 in contact with the filament 2
being printed. As shown in FIG. 5 by earlier times T6', T7',
T8'. and T'10', a preceding segment may follow the same
steps. Similarly, a following segment may follow the same
steps, and/or the build platen 16 may be indexed down (attime
T12) to begin another segment of another slice.

[0141] With reference to the upper part of FIG. 5, it should
be noted that while the threading process between TO and T2
preferably takes place immediately before the segment path is
started, and must take place before the segment path is started,
the runout distance may be taken up during idle periods. For
example, immediately following T6, or any time during the
span from T8' through T4, the fiber drive 42 may advance the
fiber at least to the end of the cold feed zone 712, to a position
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where the unattached terminal end of the fiber filament 2 may
rest in an unmelted state, but more proximate the ironing lip.
It an optional part of the present invention to advance fiber
filament 2 along the path from the fiber feed 42 to a position
within the cold feed zone 712 during times when the actuators
116, 118 are printing and/or ironing the runout of the severed
fiber filament 2 to complete a printing segment.

[0142] With reference to the lower part of FIG. 5, extrusion
printing is different. When a segment is begun, at e.g. time
T32, a priming pressure P (a higher feed rate) is applied for a
very short time to ensure the end of the segment is level with
the remainder of the segment. The actuators 116, 118 move
the printing head 1800 beginning essentially simultaneously
with the extrusion feed at time T34. The linear advance speed
E of the thermoplastic filament advanced by the extrusion
drive 1830 is remarkably different from the speed of printing
(e.g., 10-100 times) because the pure thermoplastic filament
is wholly melted and accumulated in the reservoir 1804, and
subsequently extruded through the small diameter nozzle
1802. At the end of a segment, at time T36 for the extrusion
drive and time T40 for the actuators 116, 118 moving the
printhead 1800, the extrusion speed may be slightly reduced
at time T36. However, the reservoir 1804 pressure is released
primarily by the high speed retraction of the filament by the
extrusion drive 1830 at time T38. A following segment may
follow the same steps, and/or the build platen 16 may be
indexed down (at time T42) to begin another segment of
another slice.

[0143] As noted herein, deposition heads which guide a
core reinforced filament therethrough with a matched veloc-
ity throughout are referred to as “conduit nozzles” whereas
deposition heads which neck down and extrude under back
pressure melted non-reinforced polymer at a higher velocity
than the supply filament are referred to as “extrusion nozzles”
(according to the conventional meaning of “extrude”).
[0144] A family of straight and diverging conduit nozzles
which maintain a matched velocity of the strand(s) of fiber
material 65 and the polymer matrix 4 throughout the entire
conduit nozzle (at least so that the matrix does not build up
within) are shown in FIGS. 6A through 6C. FIG. 6A depicts
a divergent conduit nozzle 200 with an increasing conduit
nozzle throat diameter that matches the thermal expansion of
the matrix material, the conduit nozzle 200 including an inlet
202 with a diameter D1, a section with an increasing diameter
204, and an outlet 206 with a diameter D2 that is greater than
the diameter D1. Alternatively, where both the matrix mate-
rial and the fiber strand(s) have relatively low coefficients of
thermal expansion (such as carbon fiber and Liquid Crystal
Polymer), the conduit nozzle 200 may include an inlet 202
and outlet 206 that have substantially the same diameter D3,
see FIG. 6B. A conduit nozzle 200 or 708 may also include a
rounded outlet 208 or 726, as shown in FI1G. 6C. For example,
the rounded outlet 208 may be embodied by an outwardly
extending lip, a chamfer, a filet, an arc, or any other appro-
priate geometry providing a smooth transition from the outlet,
which may help to avoid fracture, applying stresses to, and/or
scraping, the filament as it is printed.

[0145] FIG. 8 depicts two embodiments of a cutter for use
with a three dimensional printer. Like elements described
with reference to, e.g., FIG. 1A or 1B are substantially simi-
lar. As depicted, a filament 2 or 24, is supplied from a spool 38
and drawn and fed by driving roller 40 and idle wheel 42,
which apply a force directed in a downstream direction to the
filament 2a. Unheated, or at ambient or room temperature, or
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in any case below glass transition temperature in this zone
(3010 or 3020), the matrix of the filament 24 is in a solid or
“glass™ state when this force is applied. The applied down-
stream force, as discussed herein, is transmitted via the glass
state matrix 4A to the fiber strands 6A, which pushes the
entire filament from a heated conduit nozzle 10 to build up a
three dimensional part, despite that the matrix is then melted.
The position of a cutter 8, 8a, 85 may reduce or eliminate the
presence of tag-end over-runs in the final part, or permit them
to be flexibly created if advantageous.

[0146] Positioning the cutter 8a (e.g., blade) at the outlet of
the conduit nozzle 10 allows actuation of the cutter 8a to
completely cut the deposited strip or bonded rank by severing
the internal fiber strands, and/or may prevent further advance
and/or dripping by physically blocking the conduit nozzle
eyelet or outlet. A cutter 8a or 86 enables the deposition of
filament (fiber reinforced or unreinforced) with precisely
controlled lengths as controlled by the controller 20. In the
alternative, positioning a cutter 86 upstream from the conduit
nozzle 10, between the conduit nozzle 10 outlet and the
feeding mechanism 40, permits a smaller gap between the
conduit nozzle 10 outlet and the part. In the alternative or
addition, the cutter 85 may cut the filament while the matrix
temperature is below a melting, softening, or glass transition
temperature, reducing the propensity of the resin to stick to
the blade which may reduce machine jamming; and/or enable
more precise metering of the deposited material.

[0147] If a relatively close (but in no circumstances bind-
ing) fit is maintained between the filament 2 and a guiding
tube shown in FIG. 10 (which may be a clearance fit 3010 or
larger guide), a downstream portion 25 of the cut strand is
pushed by the abutting upstream portion 2« is driven by the
drive roller 40. The previously bonded ranks (cooled) are
adhered and under tension “drag” filament 26 from of the
conduit nozzle 10 as the conduit nozzle 10 and build platen 16
are moved relative to one another. A combination of upstream
forces from the feeding mechanism and downstream forces
transferred via the unmelted or glass portion of the filament
and the strands of the filament are used to deposit the bonded
ranks.

[0148] As noted, a cutter 8, 8a, 85 is optional, but may also
prevent buckling of the material to help ensure a uniform
deposition and prevent machine jams. Further, small diameter
(e.g., less than 30 thou) continuous fiber filament is more
susceptible to buckling. In this case, a close-fitting guide tube
10, or close-fitting guide within 64, 712 (in zones 3010, 3020)
adjacent the feeding mechanism 42, 40 and/or near to the
conduit nozzle 708 outlet, may help prevent buckling of the
material. Therefore, in one embodiment, the feeding mecha-
nism 42, 40 may be located within less than about 3-8 diam-
eters from a guide tube or inlet to the nozzle. In one specific
embodiment, the guide tube is a round hypodermic tube.
However, if the filament is shaped other than circularly (e.g.,
oval, square, or tape), the guide tube is sized and shaped to
match. Optionally, the filament 2 may include a smooth outer
coating and/or surface where the fibers do not protrude
through the filament 2 perimeter (reducing friction or resis-
tance within the guide tube).

[0149] In some embodiments, the three-dimensional print-
ing system does not include a guide tube. Instead, the feeding
mechanism may be located close enough to an inlet of the
nozzle, such as the receiving tube 64, such that a length of the
continuous core filament 2 from the feeding mechanism to an
inlet of the conduit nozzle is sufficiently small to avoid buck-
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ling. In such an embodiment, it may be desirable to limit a
force applied by the feeding mechanism to a threshold below
an expected buckling force or pressure of the continuous core
filament, or other material fed into the nozzle.

[0150] In some embodiments, the maximum tension or
dragging force applied to the deposited reinforcing fibers is
limited to prevent the printed part from being pulled up from
a corresponding build plane or to provide a desired amount of
neutral to positive tensioning of the continuous core. For
example, a one-way locking bearing may be used to limit the
dragging force (e.g., with the speed of the feeding rollers set
to be less than the speed of printing, but with the one-way
bearing permitting the filament to be pulled through the roll-
ers faster than they are driven). In such an embodiment, the
drive motor 42 may rotate a drive wheel though a one-way
locking bearing such that rotating the motor drives the wheel
and advances material. If the material dragging exceeds the
driven speed of the drive wheel, the one-way bearing may
slip, allowing additional material to be pulled through the
feeding mechanism and nozzle, effectively increasing the
feed rate to match the printing rate or head traveling speed
while also limiting the driving force such that it is less than or
equal to a preselected limit. The dragging (neutral to positive
tension) force may also be limited using a clutch with com-
mensurate built-in slip. Alternatively, in another embodi-
ment, the normal force and friction coefficients of the drive
and idler wheels may be selected to permit the continuous
material to be pulled through the feeding mechanism above a
certain dragging force. Alternatively or in addition, an AC
induction motor, or a DC motor switched to the “off” position
(e.g. a small resistance applied to the motor terminals or
opening motor terminals) may be used to permit the filament
to be pulled from the printer against motor resistance. In such
an embodiment, the motors may be allowed to freewheel
when a dragging force above a desired force threshold is
applied to allow the filament to be pulled out of the printer. In
view of the above, a feeding mechanism is configured in some
form or fashion such that a filament may be pulled out of the
printer conduit nozzle when a dragging force applied to the
filament is greater than a desired force threshold. Addition-
ally, in some embodiments, a feeding mechanism may incor-
porate a sensor and controller loop to provide feedback con-
trol of either a deposition speed, printer head speed, and/or
other appropriate control parameters based on the tensioning
of the filament.

[0151] According to the embodiments or aspects of the
invention discussed herein, the printing process may be simi-
lar in all phases, or create a different balance of forces within
the printer, filament, and part in different printing phases
(e.g., threading phase versus printing phase, and/or straight
phases versus curved phases). For example, in one embodi-
ment or aspect of the invention, the printer may apply bonded
ranks primarily via lateral pressing and axial tension in the
main, continuous printing phase, and primarily via lateral
pressing and axial compression in the threading phase where
the end of the filament is first abutted to the platen or part and
then translated under the ironing tip to be melted.

[0152] According to the embodiments or aspects of the
invention discussed herein, the printing system may, under
axial neutral to positive tension, drag a filament 2 out of a
printer conduit nozzle 708 along straight printed sections
(and this tension extends past the conduit nozzle 708 to the
feeding mechanism 42, 40 controlled at a feed rate, but which
may have a slipping or clutch mechanism). During such
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operation, a printer head may be displaced or translated at a
desired rate by the controller 20, and the deposited material
and/or bonded ranks which are adhered to a previous layer or
printing surface will apply a dragging force to the filament
within the printing nozzle. The filament is pulled out of the
printing system and deposited onto the part 14. In contrast, in
addition, or in the alternative, according to the embodiments
or aspects of the invention discussed herein, when printing
along curves and/or corners, the feeding mechanism 42, 40
feed rate, and printing rate of the printing system may be
controlled by the controller 20 to pushes the deposited fila-
ment onto a part or build surface 16. However, embodiments
oraspects of the invention in which a filament is pushed out of
the printing system during a straight operation and/or where a
filament is dragged out of a printer head when printing a curve
and/or corner are also contemplated, as well as embodiments
or aspects of the invention where the filament is substantially
always dragged or substantially always pushed.

[0153] The deposition of tensioned internal strand rein-
forced filaments including a non-molten strand enables the
deposited material to be pushed by the print head and adhered
to the printed part at the (distal) end. The print head can
suspend the filament across an open gap under tension, with-
out the material sagging, enabling the construction of hollow-
core components (with or without the use of soluble support
material).

[0154] FIG. 8 depicts free-space printing enabled by the
continuous core reinforced filament. With the continuous
core reinforced filament 25 attached to the part at point 44,
and held by the print head at point 46, it is possible to bridge
the gap 48. Absent the tensioned internal fiber strands, the
molten matrix material would sag and fall into the gap 48. In
one example, the closed section box shown in FIG. 9 is
formed by a section 50 which is bridges gap 48 and is affixed
to opposing sections 52 and 54. Such free-space printing
could also be used to produce cantilever beams that cannot be
printed with typical unsupported materials. In such a case,
optionally, a cooling mechanism such as a jet of cooling air
may further prevent sagging by solidifying the polymer mate-
rial surrounding the core, either continuously cooled over the
entire or most of the build area during gap spanning, or cooled
at the point of material advance during gap spanning. Selec-
tively cooling material only while it is over a gap may lead to
better adhesion in the remaining part since maintaining an
elevated enhances diffusion bonding between adjacent lay-
ers.

[0155] In the above noted embodiments, a cutting blade is
located upstream of the conduit nozzle to selectively sever a
continuous core when required by a printer. While that
method is effective, there is a chance that a reinforced fila-
ment will not “jump the gap” correctly between the cutter and
the nozzle. Consequently, in at least some embodiments, it is
desirable to increase the reliability of rethreading the core
material after the cutting step. A cutter may be designed to
reduce or eliminate the unsupported gap after the cutting
operation, e.g., a tube-shaped shear v1.0 cutter in which two
abutting and coaxial tubes guiding the filament are tempo-
rarily displaced with respect to one another to shear the fila-
ment.

[0156] FIG. 10, similar to FIGS. 1A and 1B, depicts a
printer mechanism. FIG. 7 is a detailed depiction of a system
implementation of the cutter and drive system shown in FIG.
10, including several components, showing the drive roller 42
and idle roller 40, as well as the close fitting tube 72, and
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filament 2 (which are each of very small diameter, between 10
and 50 thou). Like reference numerals and parts by appear-
ance describe similar features. As shown in FIG. 10, the
filament 2 is drawn into the feed rollers 40, 42 under tension,
and to facilitate guiding and maintaining alignment of the
filament 2 with the rollers 40, 42, the filament 2 passes
through a guide tube 74 upstream of the rollers 40, 42. After
passing through the rollers, 40, 42 the continuous core fila-
ment 2 is in axial compression (at least sufficient to overcome
friction through any guiding tubes or elements). Depending
on a length of the material under compression as well as a
magnitude of the applied force, the continuous core filament
2 may tend to buckle. Accordingly, the continuous core fila-
ment 2 passes through a close-fitting guide tube 72 (e.g.,
clearance fit) positioned downstream of the rollers 40, 42 and
upstream of the conduit nozzle 68. The guide tube 72 both
guides the filament 2 and prevents buckling of the continuous
core filament 2. A gap 62 is present between the printer head
70 and the cutter 8.

[0157] When the filament 2 is cut, the filament 2 is “reth-
readed” passing from one side of the gap 62 to the receiving
guide tube 64. The receiving tube 64 itself is optionally below
the glass transition temperature of the material. Optionally, a
thermal spacer or thermal resistor 66 between the receiving
tube 64 and heated part of the conduit nozzle 68 reduces the
heat transfer to the receiving tube 64 from the hot conduit
nozzle 68.

[0158] InFIG. 10, difficulty in rethreading (i.e., through the
entire system, versus during the threading or stitching process
through the terminal end of the printhead which initiates
printing) may be encountered because the filament is more
flexible and prone to bending or buckling when the end is
unsupported, than after it has been threaded and both ends are
fully supported and constrained in a first order bending mode.
After the filament has been threaded, the downstream portion
guides all the subsequent filament. Cutting a filament, espe-
cially with a dull or thick blade, may also deform the end of
the filament, tending to increase misalignment of the filament
2 and the receiving tube 64.

[0159] To improve the reliability of threading the filament
past the cutter 8, 84, or 85, when not in use, the cutter 8 may
be removed from the gap 62 and the guide tube 72 is displaced
(down) and/or telescoped towards the receiving tube 64 dur-
ing rethreading. The clearance (gap) between the guide tube
72 and receiving tube 64 may be reduced, or the tubes 64, 72
may essentially abut the cutter 8 blade. Alternatively, pres-
surized fluid, such as air, may also be directed axially down
the guide tube 72, such that the axial fluid flow centers the
material to align the material with the receiving end 16 (and
may cool the guide tube 72 tube for high-speed printing
and/or higher printing temperatures, and/reduce friction of
the material through the guide tube.

[0160] Asshown inthe upper part of FIG. 7 (plan view), the
guide tube 74 may be include a capillary tube having an inner
diameter between 1'% to 2% times the diameter of the fila-
ment, and may be readily changed with a change in filament
diameter and readily connected to a Bowden tube. The close
fitting tube 72 may additionally include a similar capillary
tube having an inner diameter between 1'% to 2% times the
diameter of the filament 2 (optionally in combination with a
flexible tube made of Teflon/PTFE), while the receiving tube
64 may in the alternative or in addition also include a capillary
tube having an inner diameter between 1% to 3 times the
diameter of the filament 2 (and may also be connected to a
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similar diameter Teflon/PTFE Bowden tube). Preferably and
optionally, the capillary tube of the receiving tube 74 is a
larger diameter, especially inner diameter, than the capillary
tube of the close-fitting tube 72. As shown in FIG. 7, the
driving roller 42 (and motor) may be mounted with its slip-
ping mechanism 43 opposite the idle roller 40 in close prox-
imity to the cutter 8.

[0161] As shown in the lower part of FIG. 7 (side view), a
cutter blade 8/ may be a very thin sharpened or blunt blade
placed at a high angle to the filament, e.g., as shown in FIG. 7
to rotate with its supporting arm 9 in such a manner that it is
not pushed into the blade at a direction normal to the filament
2, but is rapidly drawn or rotated across the filament to slice
the filament 2. The cutter 8 assembly as a whole includes an
actuator 84 driving the blade 8f, the blade 8f having a thick-
ness of less than the diameter of the unmelted fiber reinforced
composite filament 2, an entrance guide tube (the exemplary
capillary tube of close fitting tube 72) guiding the unmelted
fiber reinforced composite filament 2 to the cutter blade 87,
and an exit guide tube (the exemplary capillary tube of receiv-
ing tube 64) guiding the unmelted fiber reinforced composite
filament 2 from the cutter blade 8, wherein the blade 8fsevers
the unmelted fiber reinforced composite filament 2 between
the entrance guide tube 72 and the exit guide tube 64, and both
the distance between the entrance and the exit guide tubes
(e.g., 7 thou between the tubes) and the thickness of the blade
(e.g., 5 thou) are equal to or less than the diameter of the
unmelted fiber reinforced composite filament (e.g., 13 thou,
as low as 5-8 thou). Preferably, the clearance (e.g., 1 thou)
between the cutter blade 8f'and each of the entrance and exit
tubes 72, 64 is less than V4 to V2 of the thickness of the cutter
blade 8, and an inner diameter of the exit guide tube 64 is
greater than an inner diameter of the entrance guide tube 72.
As shown in FIG. 7 and in FIG. 1C, a linkage 8e can provide
a quick actuation and/or quick return for the servo, motor,
solenoid, or other actuator of the cutter 8 attached to the
supporting arm 9.

[0162] FIGS. 11-13 are flowcharts describing one particu-
lar implementation of the flowchart of FIG. 2. In particular,
FIG. 12 describes a fiber composite printing process in detail
and with commonality to the timing diagrams of FIG. 5 and
the detail of FIGS. 1C and 1D, with like numbers, including
step numbers, reflecting like functionality. Similar step num-
bers reflecting similar functionality but different execution
order occur in the flow charts. FIG. 13 describes, for the
purpose of contrast and coupled functionality, a FFF control
process that may apply to the FFF printing head 1800
depicted in FIG. 1C. FIG. 11 describes, as a coupled func-
tionality, control routines that may be carried out to alter-
nately and in combination use the co-mounted FFF extrusion
head 1800 and fiber reinforced filament printing head 199 of
FIG. 1C.

[0163] InFIG.11,attheinitiation of printing, the controller
20 determines in step S10 whether the next segment to be
printed is a fiber segment or not, and routes the process to S12
in the case of a fiber filament segment to be printed and to step
S14 (e.g., FIG. 13) in the case of other segments, including
e.g., base, fill, or coatings. Step S12 is described in detail with
reference to FIGS. 2 and 12. After each or either of routines
S12 and S14 have completed a segment, the routine of FIG. 11
checks for slice completion at step S16, and if segments
remain within the slice, increments to the next planned seg-
ment and continues the determination and printing of fiber,
segments and/or non-fiber segments at step S18. Similarly,
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after slice completion at step S16, if slices remain at step S20,
the routine increments at step S22 to the next planned slice
and continues the determination and printing of fiber seg-
ments and/or non-fiber segments. “Segment™ as used herein
means a linear row, road, or rank having a beginning and an
end, which may be open or closed, a line, a loop, curved,
straight, etc. A segment begins when a printhead begins a
continuous deposit of material, and terminates when the
printhead stops depositing. A “slice” is a single layer or
laminate to be printed in the 3D printer, and a slice may
include one segment, many segments, lattice fill of cells,
different materials, and/or a combination of fiber-embedded
filament segments and pure polymer segments. A “part”
includes a plurality of slices to build up the part. FIG. 12’s
control routine permits dual-mode printing with two different
printheads, including the compound printheads 199, 1800 of
FIG. 1C, and using both timing approaches of FIG. 5.

[0164] FIG. 12 optionally begins with the determination
that a fiber segment will be printed in FIG. 11°s master flow-
chart. Initially, the threading process described herein, e.g., in
FIG. 5, is carried out. Before or simultaneously with parts of
the threading process (an optionally between steps S103,
S103A and S105, S105S), the printhead 199 is indexed to a
beginning printing location at step S104A and the fiber drive
42 advances the fiber filament 2 to a holding position in the
cold feed zone 712 (which is optionally adjacent the cutter as
described herein and as shown in step S104B, but may be in
any ready position where the temperature of the matrix mate-
rial can be kept below the melting temperature). In prepara-
tion for step S111 of FIG. 2, at the same time, the platen is
indexed in step S111B to a position below the printhead 199
less than the diameter of the fiber filament 2. For example, a
13 thou fiber-embedded filament 2 having a cross-sectional
area 01 0.08 to 0.1 mmA2 may compress to a flattened row of
0.1 mm thickness and 0.9 mm width, so the ironing lip 726
may be arranged 0.1 mm above the previous row. It is con-
sidered an optional part of the present invention(s) disclosed
herein that a substantially round or oval fiber-embedded fila-
ment may be compressed, ironed, and/or flattened under heat
and/or pressure to a changed shape (flattened, in some cases
to a rectangular rank) and a flattened bonded rank height of
less than Y% of its diameter, preferably less than %5 of its
diameter; and a width of more than two times its diameter.
These steps S104A, S111B, and S104B are shown to be
concurrent because they do not depend on one another, but
may be conducted in any order or partly or fully simulta-
neously.

[0165] Instep S110A, as a subset or superset of step S110
of FIG. 2, the fiber reinforced filament 2 is fed by the fiber
drive 42 at a threading speed, which as described with refer-
ence to FIG. 5 is sufficient to prevent enough heat transfer
from the walls of the system to sick the filament 2 to such
walls, and until the runout distance R1 (or “cut-to-tip” dis-
tance, i.e., distance from the cutter 8 to the tip 726) is reached
in step S110B. Threading is completed in this moment. With-
out stopping the fiber advance by the drive 42, the printhead
199 is then moved by the actuators 116, 118 to follow the
programmed fiber segment path in step S113B (additionally
optionally keeping a certain tension as in step S113A of FIG.
2). This is conducted at an ironing or printing speed, which as
described with respect to FIG. 5 and the disclosure may be
different from threading speed of the fiber drive 42. At the
same time, in step S113 the fiber feed driver 42 continues to
advance the fiber filament 2, optionally as shown in FIG. 12
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and as described herein at a speed (of linear advance of the
controlling inelastic embedded fibers) less than that of the
printing or ironing speed, e.g., greater than or equal to the
0.95 times the ironing speed of the printhead 199. The fiber
feed speed of FIG. S113C is optionally different or the same
as the threading speed.

[0166] As described with reference to FIG. 5, when the
runout distance of R1 remains to be printed, the fiber in the
system needs to be severed at a distance of R1 from the
ironing tip 726. Accordingly, the routine checks at step S1178
whether the segment termination will occur along the seg-
mentby a distance R1 ahead. It should be noted that the cutter
actuation command can be marked at the correct time or
distance along the segment path pursuant to runout distance
R1 by path, slice, or SLT analysis ahead of time, such that step
S117B would equate to checking for steps S117C and S117D
along the path rather than anticipating the fiber segment ter-
mination ahead. Steps S117B-S117D of FIG. 12 are a subset
or superset of steps S117, S117A of FIG. 2.

[0167] When the runout distance R1 remains, the printhead
actuators 116, 118 and fiber filament feed drive 42 are paused
at step S117C, and subsequently, the fiber filament 2 is sev-
ered by the controller 20 command to the cutter 8 actuator at
step S117D. As described with reference to FIG. 5, the
remainder or runout of the fiber must still be laid along the
programmed segment path. Accordingly, if the planned fiber
segment S113D in the process of being printed is not com-
plete at step S113D, the needed actuators 116, 118 of the
printhead 199 (but not necessarily the fiber filament drive 42,
which may remain paused) are restarted and/or continued at
step S113E. Steps S113D and S113E are a subset or superset
of steps S113 and S113A of FIG. 2. When the fiber segment
is complete, the process may return to the main printing
routine to determine whether the next segment in the slice is
a fiber filament segment. It should be noted that the routine of
FIG. 12 can be performed independently of FIG. 11 or FIG.
13, i.e.,in a printer without a compound printing head 1800 of
FFF type, e.g., together with the SLA type printer of FIG. 26.
[0168] As noted, FIG. 12’s control routine permits dual-
mode printing, where FIG. 13 describes the non-fiber com-
mand execution. In FIG. 13, the FFF printhead 1800 and the
platen 16 are indexed to a beginning printing location at step
S121 and the extrusion drive 1830 quickly primes the extru-
sion filament, in other than a loading phase already loaded in
the system, to increase pressure (step S123 corresponding to
T32 of FIG. 5), then continues feeding to extrude. In step
S125, corresponding to time T34 of FIG. 5, the printhead
1800 moves to receive the extrusion. In step S127, the extru-
sion drive 1830 continues to advance the FFF filament to the
melt reservoir 1804 at a fraction of the speed that the print-
head is moved, to create back pressure and extrude the mate-
rial in the pressurized reservoir 1804, filled with liquefied
thermoplastic resin. When the segment terminates, the extru-
sion drive 1830 and the printhead 1800 quickly pause at step
S131, perform a retract operation (e.g., 15 mm of retract) at
step S133 to release pressure in the melt reservoir and pref-
erably create negative pressure at the nozzle 1802 tip to, e.g.,
prevent dripping or tailing. If called from FIG. 11, the process
returns to the control of FIG. 11.

[0169] FIGS. 14A-14C depict a family of conduit nozzles
having different outlets. FIG. 14A depicts a conduit nozzle
500 including an inlet 502 and an outlet 504 which includes a
sharp exit corner suitable for some filaments 2 such as aramid,
but which may lead to damage to fibers which are not resistant
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to abrasion, such as fiberglass, carbon, plating on metal cores,
treatments to fiber optic cables. FIG. 14B depicts a smooth
transition, multiple chamfered (e.g., twice chamfered, or 45
degree) conduit nozzle eyelet or outlet 506, which reduces
shear cutting of fibers, and FIG. 14C depicts smoothly
rounded conduit nozzle exit or ironing tip 508 which reduces
shearing and cutting of non-molten strands.

[0170] It may, in the alternative, be desirable to sever the
filament 2, e.g., by pushing a sharp edged conduit nozzle
down in the vertical Z direction, as shown by arrow 510. As
depicted in FIG. 14C, the corner of a conduit nozzle 508 may
be sharpened and oriented in the Z direction to sever the
continuous when forced against the filament 2 (optionally
under tension, optionally provided by any or all of driving the
feeding mechanism and/or moving the print head, or moving
the build table). As depicted in in FIGS. 15A-15D, a portion
of a conduit nozzle is optionally be sharpened and directed
towards an interior of the conduit nozzle eyelet or outlet to aid
in cutting material output through the conduit nozzle. As
shown, smoothly chamfered conduit nozzle 600 contains a
filament 2, exiting from a chamfer conduit nozzle 600, and a
ring 602 located at a distal outlet of the conduit nozzle. A first
portion of the ring 602 is non-cutting and shaped and arranged
to avoid interfering with the filament 2, and a second portion
of the ring 602 includes a cutting portion or blade 6024
(optionally steel, carbide, or ceramic) sharpened and oriented
inwards towards the filament 2 path contained within the
conduit nozzle 600 as seen in FIGS. 15B-15D, and occupying
less than Yo of the conduit nozzle eyelet or outlet area. The
cutting portion 602a may be any of: permanently attached;
selectively retracted during printing and deployed to cut;
recessed into a perimeter of the conduit nozzle eyelet or
outlet; forming a part of the perimeter of the conduit nozzle
exit as depicted in FIG. 15B; formed integrally with the
conduit nozzle eyelet or outlet; and/or attached to the conduit
nozzle eyelet or outlet.

[0171] In operation as shown in FIGS. 15A-15D, the con-
duit nozzle 600 is translated in a direction D relative to a part
being constructed on a surface while the filament 2 is station-
ary and/or held in place, resulting in the tensioning of the core
material 6. As increasing tension is applied to the continuous
core filament 2, the core 6 is cut through by the cutting portion
602a. Alternatively, the surface and/or part is translated rela-
tive to the conduit nozzle or the filament tensioned using the
feeding mechanism to perform the severing action. FIG. 16
presents another embodiment of a conduit nozzle tip-based
cutter m the depicted embodiment, a cutting ring 604 having
a sharp and edge oriented towards the already deposited fila-
ment 2, which is actuated relative to the conduit nozzle 600
and part to expose the sharp edge to bring the filament in
contact with the cutting element 604, and sever the core
material 6.

[0172] For brittle materials, such as fiber optic cables, the
cutting portion 602a or 604 may form a small score, and
additional relative translation of the conduit nozzle and the
part may complete the cut. For other materials, such as com-
posite fibers, the rounded geometry of the conduit nozzle
results in the core 6 being directed towards the cutting portion
602a or 604 under tension, with resulting consolidation (e.g.
compaction) toward the cutting portion enables cutting of a
large fiber with a relatively smaller section blade. For metal
fibers or ductile materials, the cutting portion 602a or 604
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may create enough of a weak point in the material that suffi-
cient tensioning of the core breaks the core strand at the
conduit nozzle exit.

[0173] The cutting portion 602a or 604 may be a high
temperature heating element referred to as a hot knife, which
may directly or indirectly heat the fiber to a melting tempera-
ture, carbonization temperature, or a temperature where the
tensile strength of the core is low enough that it may be broken
with sufficient tensioning. The heating element may be a
high-bandwidth heater that heats quickly and cools down
quickly without harming the printed part; or an inductive
heating element that isolates heating to the fiber.

[0174] According to embodiments or aspects of the inven-
tion discussed herein, axial compression and/or laterally
pressing the melted matrix filament 2 into bonded ranks may
enhance final part properties. For example, FIG. 17A shows a
composite fiber reinforced filament 2 applied with a compac-
tion force, axial compression, or lateral pressure 62. The
compaction pressure from axial compression and flattening
from the ironing lip 508, 726, 208 in zone 3040, compresses
or reshapes the substantially circular cross-section filament
24, see FIG. 17B, into the preceding layer below and into a
second, substantially rectangular cross-section compacted
shape, see FIG. 17C. The entire filament forms a bonded rank
(i.e., bonded to the layer below and previous ranks on the
same layer) as it is shaped. The filament 25 both spreads and
interior strands intrude into adjacent bonded ranks 2¢ on the
same layer and is compressed into the underlying shaped
filament or bonded rank of material 24. This pressing, com-
paction, or diffusion of shaped filaments or bonded ranks
reduces the distance between reinforcing fibers, and increases
the strength of the resultant part (and replaces conventional
techniques achieved in composite lay-up using post-process-
ing with pressure plates or vacuum bagging). Accordingly, in
some embodiments or aspect of the invention discussed
herein, the axial compression of the filament 2 and/or espe-
cially the physical pressing by the printer head 70, conduit
nozzle or ironing lip 508, 726, 208 in zone 3040 may be used
to apply a compression pressure directly to the deposited
material or bonded ranks to force them to spread or compact
or flatten into the ranks beside and/or below. Cross-sectional
area is substantially or identically maintained. Alternatively
or in addition under some embodiments or aspects of the
invention, pressure may be applied through a trailing pressure
plate behind the print head; a full width pressure plate span-
ning the entire part that applies compaction pressure to an
entire layer at a time; and/or heat, pressure, or vacuum may be
applied during printing, after each layer, or to the part as a
whole to reflow the resin in the layer and achieve the desired
amount of compaction (forcing of walls together and reduc-
tion and elimination of voids) within the final part.

[0175] As noted above, and referring to FIG. 18 A, nozzles
700 used in Fused Filament Fabrication (FFF) three dimen-
sional printers typically employ a constriction at the tip of the
nozzle 700, leading to eventual clogging and jamming of the
print head (nozzle). The nozzles on most FFF three-dimen-
sional printers are considered wear items that are replaced at
regular intervals.

[0176] In a divergent conduit nozzle according to some
embodiments or aspects of the invention, material expands as
it transitions from a feed zone, to aheated melt zone, enabling
any particulate matter that has entered the feed zone to be
ejected from the larger heated zone. A divergent conduit
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nozzle is both easier to clean, permitting permit material to be
removed in a feed forward manner.

[0177] As used in the following discussion, “fluidly con-
nected” is used in the context of a continuous connection
permitting flow, and does not suggest that the filament 2 is or
is not fluid at any particular stage unless otherwise indicated.
FIG. 18B shows a conduit nozzle 708 including a material
inlet 710, connected to a cold-feed zone 712, in turn fluidly
connected to a heated zone 714. The cross-sectional area
(perpendicular to flow direction) of the cavity or channel in
the heated zone 714 and/or outlet 716 is greater than the
cross-sectional area (perpendicular to flow direction) of the
cavity or channel located in the cold-feed zone 712 and/or the
inlet 710. The cold-feed zone 712 may be constructed of a
material that is less thermally conductive than that of the
heated zone 714, permitting the filament 2 to pass through the
cold feed zone 712 and into the heated zone 714 without
softening.

[0178] Inone particular embodiment, the divergent conduit
nozzle 708 is formed by using a low-friction feeding tube,
such as polytetrafluoroethylene, fed into a larger diameter
heated zone located within a conduit nozzle such that a por-
tion of the heated zone is uncovered downstream from the
tube. The heating zone may in addition or in the alternative be
constructed from, or coated with, a low friction material such
as polytetrafluoroethylene, and the transition from the cold
feed zone 712 to the heated zone 714 may be stepped, cham-
fered, curved, or smooth.

[0179] FIG. 18C depicts an instance where a divergent con-
duit nozzle 708 has been obstructed by a plug 718 that has
formed during use within the heated zone 714 and then
removed. The divergent conduit nozzle 708 can be cleaned
using a forward-feeding cleaning cycle, e.g., starting by
applying and adhering a portion of plastic onto a print bed or
cleaning area adjacent the print bed, after which the adhered
plastic is cooled (left to cool) below its melting temperature,
whereupon the print bed and conduit nozzle are moved rela-
tive to each other to extract the plug 718 from the conduit
nozzle 708 (optionally helped by a unmelted compressive
force from filament upstream in the feeding mechanism).
While any appropriate material may be used with a divergent
nozzle, nylon and nylon relatives are particularly advanta-
geous because nylon’s coefficient of thermal expansion for
nylon causes it to pull away from the conduit nozzle slightly
during cooling and nylons exhibit a low coefficient of friction.
Polytetrafluoroethylene walls within either or both of the cold
feed and heated zone may help with plug removal. A cleaning
cycle may also be performed without the adhering step by
extruding a section of plastic into free air, then removed by
hand or using an automated tool.

[0180] In the case of a straight conduit nozzle, particularly
for small diameter filaments on the order of about 0.001" up
to 0.2", as shown in FIG. 19A, a conduit nozzle 720 may
include an inlet 724 that is substantially the same size as
conduit nozzle eyelet or outlet 722. A material such as a
stranded reinforced composite filament 2 passes through a
cold feed zone 712 and into a heated zone 714 (e.g., either or
both zones low friction and/or polytetrafluoroethylene
walled). The heated zone 714 is thermally conductive, e.g.,
made from copper, stainless steel, brass, or the like. The
filament 2 is attached to a build platen 16 or cleaning area, and
the process described with respect to FIGS. 18B and 18C
carried out. Small diameter filaments are suited to this
because the low thermal mass permits them to heat up quickly
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and be extruded (in the case of FFF) at substantially the same
size as they are fed into the print head. FIG. 19B shows a
hypothetical manner in which a conventional green towpreg
may come apart in a straight conduit nozzle.

[0181] FIGS. 19C-19E illustrate a method of threading
according to embodiments or aspects of the invention using a
rigid push-pulpreg stranded filament fed through a divergent
conduit nozzle 708, such that clogging is reduced or elimi-
nated. “Threading”, in this context, is the first step in printing
of continuous deposition (straight sections and rows) of
bonded ranks, and is only performed again after the filament
2 is cut, runs out, is separated, or otherwise must be again
started. FIG. 19C shows a continuous core filament 2 located
within a cold feed zone 712, which may begin 5 inches or
more from the heated zone 714. Where the filament 2 has a
larger thermal capacity and/or stiffness, the cold feed zone
may begin closer to the heated zone 714 to provide pre-
heating of the material prior to stitching. Within the cold feed
zone 712 (below a melting temperature of the matrix), the
filament 2 remains substantially solid and rigid, and is main-
tained in this position until just prior to printing.

[0182] When printing is initiated, the filament 2 is quickly
fed and threaded through the conduit nozzle, see FIG. 19D.
The cold-feed zone 712 feeds into the larger cavity heated
zone 714, and the filament 2 is constrained from touching the
walls of the heated zone 714 by the rigidity of the upstream
filament still located in the cold feed zone 712, see F1IG. 19D.
By maintaining a stiffness and preventing melting and wall
contact until the material has been threaded to the outlet,
fibers are prevented from peeling off, curling and/or clogging
within the conduit nozzle, enabling the filament 2 to more
easily pushed into and through the hot-melt zone 714. In some
embodiments, a blast of compressed air may be shot through
the conduit nozzle prior to and/or during threading in order to
cool the conduit nozzle to reduce the chance of sticking to the
sides of the nozzle. Additionally, heating of the heated zone
714 of the conduit nozzle may be reduced or eliminated
during a stitching process to also reduce the chance of stick-
ing to the sides of the nozzle.

[0183] As feeding of the continuous core filament 2 con-
tinues, the continuous core filament 2 contacts the build
platen 16 or previous layer. The filament 2 is then laid or
pressed along the surface by motion of the conduit nozzle
relative to the build platen 16. Within a short distance, the
filament 2 contacts the walls of the rounded or chamfered lip
726 next to the heated zone 714 or nearly contacts the walls of
the heating zone 714, as illustrated in FIGS. 19E and 20A at
or near the lip 726. Alternatively, instead of translating the
printer head, the filament 2 could be driven to a length longer
than a length of the conduit nozzle, and when the outlet is
blocked by a previous layer or by the print bed, the filament
buckles to the same effect. After contacting the rounded or
chamfered ironing lip 726, the wall of the heating zone 714
(or nearly contacting the same), the continuous core filament
2 is heated to the deposition temperature (e.g., melting tem-
perature of the matrix) for fusing the deposited material the
build platen and/or previous layers. Threading speeds may be
between about 2500 mm/min and 5000 mm/min.

[0184] The rounded or chamfered lip 726 located at a distal
end of the conduit nozzle eyelet or outlet 716 may provide
gradual transition at the conduit nozzle eyelet or outlet may
help to avoid fracturing of the continuous core and also
applies a downward, compaction, pressing, or ironing forceto
the continuous core filament 2 as it is deposited. That is,
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“ironing” refers to an act in which (i) a substantially lateral or
transverse force to the side of the filament (e.g., downward if
the filament is laid horizontally) is (ii) applied by a smooth
surface (partially parallel to the build platen or rounded with
a tangent thereof parallel to the build platen) (iii) that is
translated in the printing direction as it presses upon the
melted filament to become a bonded rank. The rounded or
chamfered lip provides a downward force, and translates its
lower smooth surface parallel to the build platen to iron the
continuous core filament down to the previous layer. Ironing
may be conducted by positioning the lip 726 at a distance
relative to a deposition surface that is less than a diameter of
the continuous core filament 2; and or by setting the height of
a bonded rank to be less than the diameter of the filament 2,
but appropriate compaction force may be achieved without
this act (e.g., with sufficiently stiff materials, using the axial
compression force only, positioning the lip at a distance
greater than the diameter of the filament 2). This distance
from the lip 726 to the previous layer or build platen, or the
height of a bonded rank may be confirmed using an appro-
priate sensor.

[0185] The ironing and/or axial compression compaction
(s) discussed herein do not require a divergent conduit nozzle.
For example, the ironing or ironing lip or tip 726 may be
incorporated with a substantially straight conduit nozzle 720
or a slightly convergent conduit nozzle, see FIG. 20A. Alter-
natively, or in addition, a convergent conduit nozzle may also
use a separate cold feed zone and heated zone, e.g., as shown
in FIG. 20B, which shows a convergent conduit nozzle 728
including a conduit nozzle inlet 730 that feeds into a cold feed
zone 712 which is in fluid communication with a heated zone
714 and then a convergent conduit nozzle eyelet or outlet 732.
[0186] As discussed herein, a “semi-continuous” strand
composite has a core that has been segmented along its length
into a plurality of discrete strands. These discrete strands may
be a single segmented strand, or a plurality of individual
filaments strands bundled together but nonetheless seg-
mented along their length. Discrete segments may be
arranged such that they do not overlap. As described herein,
the material instead of being cut, may be severed by applying
a tension to the material, in most cases while the matrix is
melted or softened, and most usefully at the termination of a
printing cycle. The tension may be applied by either back-
driving a feed mechanism of the printer and/or translating a
printer head relative to a printed part without extruding mate-
rial from the nozzle.

[0187] FIG. 21 depicts an optional embodiment of a three
dimensional printer with selectable printer heads. In the
depicted embodiment, a print arm 1400 is capable of attach-
ing to printer head 1402 at universal connection 1404. An
appropriate consumable material 1406, such as a continuous
core reinforced filament, may already be fed into the printer
head 1402, or it may be fed into the printer after it is attached
to the printer 1400. When another print material is desired,
print arm 1400 returns printer head 1402 to an associated
holder. Subsequently, the printer 1400 may pick up printer
head 1408 or 1410 which are capable of printing consumable
materials that are either different in size and/or include dif-
ferent materials to provide different.

[0188] FIG. 22 shows a three dimensional printer head
1310 used to form a part including a three dimensionally
printed shell. The printer head 1310 first deposits a series of
layers 1320 (which may be fiber-reinforced or pure resin, or
any combination) to build a part. The printer head 1310 is
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capable of articulating in the traditional XYZ directions, as
well as pivoting in the XT, YT and ZT directions.

[0189] FIGS. 23A-24D depict various embodiments of a
semi-continuous strand core filament being deposited from a
nozzle, as contrasted to the continuous strand core filament 2
depicted in FIG. 24A.

[0190] Semi-continuous strands embedded in a corre-
sponding matrix material may also have discrete, indexed
strand lengths, where termination of the semi-continuous
core occurs at pre-defined intervals along the length of the
filament (and the strand length may be larger than a length of
the melt zone of an associated conduit nozzle). A semi-con-
tinuous strand core might include individual strands or strand
bundles arranged in 3-inch (e.g., 2 to 5 inch) lengths, cleanly
separated such that the fibers from one bundle abut the next
bundle but do not extend into the next bundle. A path planning
algorithm controlled by the controller 20 may align breaks in
the strand with ends, corners, edges and other stopping points
in the print. Given a printer without a cutter and using indexed
strands cannot terminate the printing process until an indexed
break in the semi-continuous strand is aligned with the nozzle
eyelet or outlet, the controller 20 optionally fills in areas
below the minimum feature length with resin. For example, in
many geometries, the outer portion of the cross section pro-
vides more strength than the core. In such cases, the outer
section may be printed from semi-continuous strands up until
the last integer strand will not fit in the printing pattern, at
which point the remainder may be left empty, or filled with
pure resin.

[0191] As depicted in FIG. 23A, a semi-continuous core
filament 1000 including a first strand 1002 and a second
strand 1004 located within the matrix 1006. The filament
1000 enters a cold feeding zone 712 of'a conduit nozzle below
the glass transition temperature of the matrix. The filament
1000 subsequently flows through heated or melt zone 714.
The matrix 1006 in the filament 1000 is melted within the
heated zone 714 prior to deposition. Upon exit from the
nozzle, filament 1000 is attached to a part or build platen 16 at
anchor point 1005. Severance may occur by moving the print
head forward relative to the anchor point 1005, without
advancing the semi-continuous core filament 1000; or alter-
natively the print head may remain stationary, and the
upstream semi-continuous core filament 1000 is retracted to
apply the desired tension. The tension provided by the anchor
point 1005 permits the remaining portion of the second strand
1004 located within the conduit nozzle to pull the remnant of
the embedded strand from the heated nozzle.

[0192] FIGS. 23C and 24C shows an indexed semi-con-
tinuous core filament 1012 where the termination of the core
material is substantially complete at each section, thereby
enabling clean severance at an integer distance. The indi-
vidual sections of core material are separated from adjacent
sections of core material at pre-indexed locations 1016. The
material will exhibit a reduced strength (e.g., compared to
bonded ranks including embedded fiber) at boundary loca-
tions corresponding to the pre-indexed locations 1016
depicted in the figures. FIG. 25 illustrates the use of such a
semi-continuous core filament. As depicted in the figure,
multiple strands 1100 are deposited onto a part or build
platen. The strands 1100 are deposited such that they form
turns 1102 as well as other features until the print head makes
it final pass and severs the material at 1104 as described
above. Since the individual strands are longer than the
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remaining distance on the part, the remaining distance 1106
may either be left as a void or filled with a separate material
such as a polymer.

[0193] While FIG. 23A showed two individual strands,
FIGS. 23B and 24B show a semi-continuous core filament
1008 including a distribution of similarly sized strands 1010
embedded in a matrix 1006. While three strands are shown in
a staggered line, this is a simplified representation of a ran-
dom, or staggered, distribution of strands. For example, mate-
rial may include about 1,000 strands of carbon fiber (the fiber
bundle termed a “1k tow”, although in the present discussion
this tow must be appropriately, void-free, embedded in a
thermoplastic matrix as discussed herein). The strands 214
may be sized and distributed such that there are many over-
lapping strands of substantially similar length. As such, a
semi-continuous strand filament may include segments sized
relative to a melt zone of a printer conduit nozzle such that the
individual strands may be pulled out of the outlet of the
conduit nozzle. The melt zone could be at least as long as the
strand length of the individual fibers in a pre-preg fiber
bundle, or half as long as the strand length of the individual
fibers in a pre-preg fiber bundle. During tensioning of the
material to separate the filament, the strands embedded in a
part or adhered to a printing surface provide an anchoring
force to pull out a portion of the strands remaining within the
nozzle. For long strands, some strands may be retained within
the nozzle, which may result in vertically oriented strands,
optionally pushed over by the print head, or optionally sub-
sequently deposited layers placed strategically as vertically
oriented strands within a material layer.

[0194] A material may combine indexed and overlapping
strands. For example, indexed continuous strands may be
used, in parallel with smaller length bundles located at tran-
sition points between the longer strands, such that the melt
zone in the conduit nozzle includes sufficient distance to drag
out the overlapping strands located in the melt zone. The
advantage of this approach is to reduce the weak point at the
boundary between the longer integer continuous strands.
During severance of a given core and matrix material, it is
desirable that the severance force is sufficiently low to prevent
part distortion, lifting, upstream fiber breaking, or other del-
eterious effects. In some cases, strands may be broken during
the extraction, which is acceptable at the termination point.
While the strand length can vary based on the application,
typical strand lengths may range from about 0.2" up to 36" for
large scale printing.

[0195] FIG. 24D shows an example of a hybrid approach
between a semi-continuous core filament and a continuous
core filament. In the depicted embodiment, a material 1018
includes multiple discrete sections including one or more
core segments 1014 embedded within a matrix 1006 that are
located at pre-indexed locations similar to the embodiment
described above in regards to FIGS. 24C and 25C. The mate-
rial also includes a continuous core 1020 embedded within
the matrix 1006 extending along a length of material. The
continuous core 1020 may be sized such that it may be sev-
ered by a sufficient tensile force to enable severing of the
material at the pre-indexed locations simply by the applica-
tion of a sufficient tensile force. Alternatively, any of the
various cutting methods described above might also be used.
[0196] Successive layers of composite may, like traditional
lay-up, be laid down at 0°, 45°, 90°, and other desired angles
to provide part strength in multiple directions and to increase
the strength-to-weight ratio. The controller 20 may be con-



US 2015/0314531 Al

trolled to functionality to deposit the reinforcing fibers with
an axial alignment in one or more particular directions and
locations. The axial alignment of the reinforcing fibers may
be selected for one or more individual sections within a layer,
and may also be selected for individual layers. For example,
as depicted in FIG. 26 a first layer 1200 may have a first
reinforcing fiber orientation and a second layer 1202 may
have a second reinforcing fiber orientation. Additionally, a
first section 1204 within the first layer 1200, or any other
desired layer, may have a fiber orientation that is different
than a second section 1206, or any number of other sections,
within the same layer.

[0197] Although one embodiment or aspect of the inven-
tion uses thermoplastic matrix, hybrid systems are possible. A
reinforced filament may employ a matrix that is finished by
curing cycle, e.g., using heat, light, lasers, and/or radiation.
For example, continuous carbon fibers are embedded in a
partially cured epoxy such that the extruded component sticks
together, but requires a post-cure to fully harden. Similarly,
while one embodiment or aspect of the invention use pre-
formed continuous core reinforced filaments, in some
embodiments, the continuous core reinforced filament may
be formed by combining a resin matrix and a solid continuous
core in a heated extrusion nozzle. The resin matrix and the
solid continuous core are able to be combined without the
formation of voids along the interface due to the ease with
which the resin wets the continuous perimeter of the solid
core as compared to the multiple interfaces in a multistrand
core. Therefore, such an embodiment may be of particularuse
where it is desirable to alter the properties of the deposited
material.

[0198] FIG. 26 depicts a hybrid system employing stere-
olithography (and/or selective laser sintering) to provide the
matrix about the embedded fiber, i.e. processes in which a
continuous resin in liquid or powder form is solidified layer
by layer by sweeping a focused radiation curing beam (laser,
UV) in desired layer configurations. In order to provide
increased strength as well as the functionalities associated
with different types of continuous core filaments including
both solid and multistrand materials, the stereolithography
process associated with the deposition of each layer can be
modified into a two-step process that enables construction of
composite components including continuous core filaments
in desired locations and directions. A continuous core or fiber
may be deposited in a desired location and direction within a
layer to be printed, either completely or partially submerged
in the resin. After the continuous fiber is deposited in the
desired location and direction, the adjoining resin is cured to
harden around the fiber. This may either be done as the con-
tinuous fiber is deposited, or it may be done after the continu-
ous fiber has been deposited. In one embodiment, the entire
layer is printed with a single continuous fiber without the need
to cut the continuous fiber. In other embodiments, reinforcing
fibers may be provided in different sections of the printed
layer with different orientations. In order to facilitate depos-
iting the continuous fiber in multiple locations and directions,
the continuous fiber may be terminated using a cutter as
described herein, or by the laser that is used to harden the
resin.

[0199] FIG. 26 depicts a part 1600 being built on a platen
1602 using stereolithography. The part 1600 is immersed in a
liquid resin (photopolymer) material 1604 contained in a tray
1606. During formation of the part 1600, the platen 1602 is
moved by a layer thickness to sequentially lower after the
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formation of each layer to keep the part 1600 submerged.
During the formation of each layer, a continuous core fila-
ment 1608 is fed through a conduit nozzle 1610 and deposited
onto the part 1600. The conduit nozzle 1610 is controlled to
deposit the continuous core filament 1608 in a desired loca-
tion as well as a desired direction within the layer being
formed. The feed rate of the continuous core filament 1608
may be equal to the speed of the conduit nozzle 1610 to avoid
disturbing the already deposited continuous core filaments.
As the continuous core filament 1608 is deposited, appropri-
ate electromagnetic radiation (e.g., laser 1612) cures the resin
surrounding the continuous core filament 1608 in a location
1614 behind the path of travel of the conduit nozzle 1610. The
distance between the location 1614 and the conduit nozzle
1610 may be selected to allow the continuous core filament to
be completely submerged within the liquid resin prior to
curing. The laser is generated by a source 1616 and is directed
by a controllable mirror 1618. The three dimensional printer
also includes a cutter 1620 to enable the termination of the
continuous core filament as noted above.

[0200] Optionally, the deposited filament is held in place by
one or more “tacks”, which are a sufficient amount of hard-
ened resin material that holds the continuous core filament in
position while additional core material is deposited. As
depicted in FIG. 27, the continuous core filament 1608 is
tacked in place at multiple discrete points 1622 by the laser
1612 as the continuous core filament is deposited by a nozzle,
not depicted. After depositing a portion, or all, of the continu-
ous core filament 1608, the laser 1612 is directed along a
predetermined pattern to cure the liquid resin material 1604
and form the current layer. Similar to the above system,
appropriate electromagnetic radiation (e.g., laser 1612), is
generated by a source 1616 and directed by a controllable
mirror 1618. The balance of the material can be cured to
maximize cross linking between adjacent strands is maxi-
mized, e.g., when a sufficient number of strands has been
deposited onto a layer and tacked in place, the resin may be
cured in beads that are perpendicular to the direction of the
deposited strands of continuous core filament. Curing the
resinina direction perpendicular to the deposited strands may
provide increased bonding between adjacent strands to
improve the part strength in a direction perpendicular to the
direction ofthe deposited strands of continuous core filament.
If separate portions of the layer include strands of continuous
core filament oriented in different directions, the cure pattern
may include lines that are perpendicular or parallel to the
direction of the strands of continuous fibers core material in
each portion of the layer.

[0201] To avoid the formation of voids along the interface
between the continuous core filament and the resin matrix
during the stereolithography process, it may be desirable to
facilitate wetting or wicking. Wetting of the continuous fiber
and wicking of the resin between the into the cross-section of
the continuous multistrand core may be facilitated by main-
taining the liquid resin material at an elevated temperature,
for a certain amount of time, using a wetting agent on the
continuous fiber, applying a vacuum to the system, or any
other appropriate method.

[0202] In addition to using the continuous core reinforced
filaments to form various composite structures with proper-
ties in desired directions using the fiber orientation, in some
embodiments it is desirable to provide additional strength in
directions other than the fiber direction. For example, the
continuous core reinforced filaments might include addi-



US 2015/0314531 Al

tional composite materials to enhance the overall strength of
the material or a strength of the material in a direction other
than the direction of the fiber core. For example, carbon fiber
core material may include substantially perpendicularly
loaded carbon nanotubes. Loading substantially perpendicu-
lar small fiber members on the core increases the shear
strength of the composite, and advantageously increases the
strength of the resulting part in a direction substantially per-
pendicular to the fiber direction. Such an embodiment may
help to reduce the propensity of a part to delaminate along a
given layer.

[0203] The composition of the two polymer matrix binders
used in the internal portion and outer coating of a composite
filament may differ by one or more of the following factors:
polymer molecular weight, polymer weight distribution,
degree of branching, chemical structure of the polymer chain
and polymer processing additives, such as plasticizers, melt
viscosity modifiers, UV stabilizers, thermal stabilizers, opti-
cal brighteners, colorants, pigments or fillers.

[0204] In another embodiment, it is desirable to increase
the bonding strength with a build platform to help prevent
lifting off of a part, or section of a part, from the build
platform. Consequently, in some embodiments, a surface
energy modifier is applied to the build platform to facilitate
the adhesion of the extruded filament to said platform. In
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large change in viscosity might also be used. Such a transition
is a typical property exhibited by polyamides.

[0207] Appropriate fiber wetting pretreatments may
include precluding the fiber surfaces with a very thin layer of
the same or similar polymer from a dilute polymer solution
followed by solvent evaporation to obtain a like-to-like inter-
action between the melt and the fiber surface. Polymer or
resin solutions in neutral and compatible solvents can have
concentrations from about 0.1 wt.-% to 1 wt.-% or higher.
Additionally, one or more surface activation methods may be
used to introduce or change the polarity of the fiber surface
and/or to introduce chemically reactive surface groups that
would affect wetting/impregnation (contact angle) and adhe-
sion (matrix-fiber interfacial shear strength) by physically or
chemically bonding the polymer matrix with the fiber surface.
The fiber surface may also be chemically activated using:
activation methods in gas and liquid phase, such as silaniza-
tion in the presence of hexamethyldisilizane (HMDS) vapors,
especially at elevated temperatures; and solvent-phase sur-
face modification using organosilicon or organotitanium
adhesion promoters, such as tris(ethoxy)-3-aminopropylsi-
lane, tris(ethoxy) glycidyl silane, tetraalkoxytitanates and the
like.

[0208] It should be noted that specific measurements given
herein may have the following approximate SI equivalents.

Imperial SI Imperial SI

“5-8 thou” = 0.1-0.2 mm “1-2 thou” = 0.025 to 0.05 mm
0.005"-0.008" 0.001"-0.002"

“63 thou” = 0.063" 1.6 mm (1.2-2.0 mm) “40 thou™ = 0.040" 1.0 mm (0.8-1.2 mm)
“13 thou” = 0.013" 0.3-0.4 mm “28 thou” = 0.028" 0.7 mm (0.6-0.8 mm)
“50 thou” = 0.050" 1.2-1.4 mm “32 thou”-0.032" 0.8 mm (0.7-0.9 mm)

some embodiments, the noted adhesion modification is used
to increase the adhesion of the first bonding layer to the build
platform in a few key areas, such as the corners of a box,
thereby causing greater adhesion where the part is most likely
to peel up from the platform. The center of the box, however,
may be substantially free of surface energy modifiers to facili-
tate easy removal.

[0205] In some embodiments, a continuous core, such as
continuous carbon fibers, is combined with a semi-aromatic
polyamides and/or a semi-aromatic polyamide blends with
linear polyamides which exhibit excellent wetting and adhe-
sion properties to the noted continuous carbon fibers.
Examples of such semi-aromatic polyamides include blends
of semi-aromatic and linear polyamides from EMS-Grivory,
Domat/Ems, Switzerland, such as Grivory HT1, Grivory
HT2, Grivory HT3 and other similar blends. By combining
continuous reinforced fiber towpregs with high-temperature
melting and fiber wetting polyamides and their blends, parts
may be manufactured which are characterized by exceptional
mechanical strength and long-term temperature stability at
use temperatures 120 degrees C. and higher while ensuring
extrudability of the composite tow, excellent fiber-matrix
wettability, complete fiber towpreg permeation with the resin
and excellent shear strength at the fiber-matrix interface.

[0206] Appropriate rheological pretreatments of a continu-
ous core include the use of a low viscosity or high melt flow
index resins or polymer melts. Additionally, polymers exhib-
iting low molecular weights and/or linear chains may be used.
Polymers exhibiting a sharp melting point transition with a

What is claimed is:

1. A method for manufacturing a part, the method compris-
ing:

from a supply, supplying a core reinforced filament having

a solidified matrix material impregnating reinforcing
strands aligned along the core reinforced filament;
translating the core reinforced filament to follow a threaded
path from the supply to a nozzle outlet of a nozzle;
holding an unattached terminal end of the core reinforced
filament in a location at a temperature in which the
matrix material is unmelted;
maintaining the unattached terminal end in a substantially
unmelted condition until the unattached terminal end
reaches the nozzle outlet;

buckling the terminal end at a part adjacent the nozzle

outlet by feeding forward the unattached terminal end to
abut the part and relatively moving the nozzle outlet and
the part;

anchoring the buckled terminal end at the nozzle outlet by

fusing the matrix material to the part;

cutting the core reinforced filament in a location between

the supply and the nozzle outlet; and

relatively moving the nozzle outlet and the part to deposit

a remaining cut segment portion of the core reinforced
filament to the part.

2. The method according to claim 1, wherein the maintain-
ing the unattached terminal end in a substantially unmelted
condition further comprises:

feeding forward the unattached terminal end of the core

reinforced filament into a cold feeding zone of a print
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head housing the nozzle, the cold feeding zone being at
a temperature at which the matrix material is unmelted.

3. The method according to claim 2, wherein the cold
feeding zone comprises a receiving tube arranged to receive
the unattached terminal end and support the core reinforced
filament.

4. The method according to claim 3, wherein a guide tube
guiding the core reinforced filament is positioned along the
threaded path upstream of'the receiving tube, and a bore of the
receiving tube is larger than that of the guide tube.

5. The method according to claim 1, wherein the maintain-
ing the unattached terminal end in a substantially unmelted
condition further comprises:

pushing forward the unattached terminal end through a

heated cavity of the nozzle and through a rounded tip
terminating the heated cavity.

6. The method according to claim 5, wherein a bore of the
heated cavity is larger than at least one receiving tube
upstream along the threaded path from the heated cavity.

7. The method according to claim 1, wherein the maintain-
ing the unattached terminal end in a substantially unmelted
condition further comprises:

maintaining the core reinforced filament in a substantially

unmelted state until the core reinforced filament con-
tacts a wall of a heated zone of the nozzle.

8. The method according to claim 1, wherein the fusing the
matrix material to the part further comprises:

contacting a heated zone of the nozzle with the core rein-

forced filament as the core reinforced filament is trans-
lated out of the nozzle outlet.

9. The method according to claim 1, wherein the fusing the
matrix material to the part further comprises melting the
matrix material of the terminal end to fuse to the part at a
rounded tip of the nozzle.

10. The method according to claim 1, wherein the cutting
the core reinforced filament comprises:

cutting the core reinforced filament at a temperature at

which the matrix material is unmelted, and further com-
prising:

rethreading the unattached terminal end through the

nozzle.

11. The method according to claim 10, further comprising:

dragging forward the core reinforced filament through the

nozzle by applying a force at least via the reinforcing
strands.

12. The method according to claim 10, further comprising:

applying pressure with the nozzle to continuously compact

the core reinforced filament before the core reinforced
filament has fused into the part.

13. The method according to claim 1, the nozzle compris-
ing a lip forming a smooth transition between a vertical feed-
ing path and a horizontal printing path, and further compris-
ing:

applying pressure with the lip to continuously compact the

core reinforced filament as the core reinforced filament
is fused into the part.

14. The method according to claim 13, further comprising:

dragging forward the core reinforced filament through the

nozzle by applying a force at least via the reinforcing
strands.

15. The method according to claim 13, wherein the cutting
the core reinforced filament comprises:

cutting the core reinforced filament at a temperature in

which the matrix material is unmelted.
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16. A method for manufacturing a part, the method com-
prising:

from a supply, supplying a core reinforced filament having

a matrix material impregnating reinforcing strands
aligned along the core reinforced filament;
translating the core reinforced filament to follow a threaded
path from the supply to a nozzle outlet of a nozzle;

holding an unattached terminal end of the core reinforced
filament in a location upstream along the threaded path
from the nozzle outlet;

driving the core reinforced filament forward via a guide

tube preventing buckling of the core reinforced filament
until the unattached terminal end is fed to the nozzle
outlet;

buckling the terminal end adjacent the nozzle outlet by

feeding forward the unattached terminal end to abut the
part and relatively moving the nozzle outlet and build
platform;

anchoring the buckled terminal end at the nozzle outlet by

fusing the matrix material to the part;
cutting the core reinforced filament in a location upstream
along the threaded path of the nozzle outlet; and

relatively moving the nozzle outlet and build platform to
deposit a remaining cut segment portion of the core
reinforced filament to the part.

17. The method according to claim 16, wherein the driving
the core reinforced filament forward via a guide tube prevent-
ing buckling further comprises:

feeding forward the unattached terminal end of the core

reinforced filament into a receiving tube of the nozzle.

18. The method according to claim 17, wherein the receiv-
ing tube is arranged to receive the unattached terminal end
and support the core reinforced filament.

19. The method according to claim 18, wherein a bore of
the receiving tube is larger than a bore of the guide tube.

20. The method according to claim 16, further comprising:

maintaining the unattached terminal end in a substantially

unmelted condition until the unattached terminal end
reaches a nozzle outlet of the nozzle; and

pushing forward the unattached terminal end through a

cavity of the nozzle and through a rounded tip terminat-
ing the cavity.

21. The method according to claim 20, wherein a bore of
the cavity is larger than a bore of a receiving tube upstream
along the threaded path from the cavity.

22. The method according to claim 16, wherein the fusing
the matrix material to the part further comprises:

contacting a heated zone of the nozzle with the core rein-

forced filament as the core reinforced filament is trans-
lated out of the nozzle outlet.

23. The method according to claim 16, wherein the fusing
the matrix material to the part further comprises:

curing the matrix material of the core reinforced filament

after the core reinforced filament is displaced out of the
nozzle outlet.

24. The method according to claim 16, wherein the fusing
the matrix material to the part further comprises melting the
matrix material of the terminal end to fuse to the part at a
rounded tip of the nozzle.

25. The method according to claim 16, wherein the cutting
the core reinforced filament comprises:

cutting the core reinforced filament at a location down-

stream along the threaded path from the driving, and
further comprising:
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rethreading the unattached terminal end through the

nozzle.

26. The method according to claim 25, further comprising:

dragging forward the core reinforced filament through the

nozzle by applying a force at least via the reinforcing
strands.

27. The method according to claim 25, further comprising:

applying pressure with the nozzle to continuously compact

the core reinforced filament before the reinforced fila-
ment has fused into the part.

28. The method according to claim 16, the nozzle compris-
ing a lip forming a smooth transition between a vertical feed-
ing path and a horizontal printing path, and further compris-
ing:

applying pressure with the lip to continuously compact the

core reinforced filament as the reinforced filament is
fused into the part.

29. The method according to claim 28, further comprising:

dragging forward the core reinforced filament through the

nozzle by applying a force at least via the reinforcing
strands.

30. The method according to claim 28, wherein the cutting
the core reinforced filament comprises:

cutting the core reinforced filament at a location down-

stream along the threaded path from the driving.
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