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Description

PRINT HEAD FOR ADDITIVE MANUFACTURING SYSTEM

Related Application

[0001] This application is based on and claims the benefit of priority from United States
Provisional Application No. 62/706,825 that was filed on September 11, 2020, the contents of

which are expressly incorporated herein by reference.

Technical Field

[0002] The present disclosure relates generally to a manufacturing system and, more

particularly, to a print head for an additive manufacturing system.

Background

[0003] Continuous fiber 3D printing (a.k.a., CF3D®) involves the use of continuous fibers
embedded within material discharging from a moveable print head. A matrix is supplied to the
print head and discharged (e.g., extruded and/or pultruded) along with one or more continuous
fibers also passing through the same head at the same time. The matrix can be a traditional
thermoplastic, a liquid thermoset (e.g., an energy-curable single- or multi-part resin), or a
combination of any of these and other known matrixes. Upon exiting the print head, a cure
enhancer (e.g., a UV light, a laser, an ultrasonic emitter, a heat source, a catalyst supply, etc.) is
activated to initiate, enhance, and/or complete curing of the matrix. This curing occurs almost
immediately, allowing for unsupported structures to be fabricated in free space. And when
fibers, particularly continuous fibers, are embedded within the structure, a strength of the
structure may be multiplied beyond the matrix-dependent strength. An example of this
technology is disclosed in U.S. Patent 9,511,543 that issued to TYLER on December 6, 2016.
[0004] Although continuous fiber 3D printing provides for increased strength, compared to
manufacturing processes that do not utilize continuous fiber reinforcement, care must be taken to
ensure proper wetting of the fibers with the matrix, proper cutting of the fibers, automated
restarting after cutting, proper compaction of the matrix-coated fibers after discharge, and proper

curing of the compacted material. An exemplary print head that provides for at least some of
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these functions is disclosed in U.S. Patent Application Publication 2019/0315057 that published
on October 17, 2019 (“the 057 publication™).

[0005] While the print head of the 057 publication may be functionally adequate for many
applications, it may be less than optimal. For example, the print head may lack accuracy in
placement, cutting, compaction, and/or curing that is required for other applications. The
disclosed print head and system are directed at addressing one or more of these issues and/or

other problems of the prior art.

Summary
[0006] In one aspect, the present disclosure is directed to a system for additively manufacturing

a composite structure. The system may include a support, and a print head operatively connected
to and moveable by the support. The print head may include a supply of continuous
reinforcement, an outlet configured to discharge the continuous reinforcement, and a tensioning
module disposed between the supply and outlet. The tensioning module may be configured to
generate a signal indicative of a tension in the continuous reinforcement. The system may also
include a processor programmed to selectively cause the supply to dispense the continuous
reinforcement based on the signal.

[0007] In another aspect, the present disclosure is directed to a method of additively
manufacturing a composite structure. The method may include directing a continuous
reinforcement from a supply of a print head to an outlet, and generating a signal indicative of a
tension in the continuous reinforcement at a location between the supply and the outlet. The
method may also include selectively causing the supply to dispense the continuous reinforcement
based on the signal.

[0008] In one embodiment, the method further includes wetting the continuous reinforcement
with a matrix at a location inside of the print head, and discharging the wetted continuous
reinforcement through the outlet, wherein generating the signal includes generating the signal
indicative of a tension at the location.

[0009] In one embodiment, the method further includes pivoting a swing arm with the
continuous reinforcement, wherein generating the signal includes generating the signal based on

the pivoting.
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[0010] In one embodiment, the method further includes counterbalancing the swing arm and
biasing the swing arm toward a low-tension position.

[0011] In another aspect, the present disclosure is directed to another additive manufacturing
system. This system may include a support, and a print head operatively connected to and
moveable by the support. The print head may include a first supply configured to hold a
continuous reinforcement, a second supply configured to hold a matrix separate from the
continuous reinforcement, and a wetting mechanism in separate communication with the first and
second supplies and configured to discharge the continuous reinforcement wetted with the
matrix. A controller may be programmed to selectively pressurize the second supply to direct the
matrix to the wetting mechanism.

[0012] In one embodiment, the wetting mechanism is located remotely from the second supply
and communicated with the second supply via a conduit.

[0013] In one embodiment, the print head further includes a sensor associated with the wetting
mechanism. The controller may be programmed to pressurize the second supply based on a
signal from the sensor in a feedback manner.

[0014] In one embodiment, the sensor is a pressure sensor configured to generate the signal in
response to a pressure inside the wetting mechanism.

[0015] In one embodiment, the controller is programmed to pressurize the second supply based
further on a feed rate of the continuous reinforcement through the wetting mechanism in a
feedforward manner.

[0016] In one embodiment, the print head further includes a heating element configured to heat
the matrix in at least one of the second supply and the wetting mechanism.

[0017] In one embodiment, the second supply is configured to receive a cartridge containing
the matrix.

[0018] In one embodiment, the cartridge includes a piston moved by the pressure to push
matrix out of the second supply.

[0019] In one embodiment, the print head further includes a sensor configured to detect a
position of the piston and direct a corresponding signal indicative of an amount of matrix
remaining in the cartridge to the controller.

[0020] In one embodiment, the controller is programmed to selectively communicate a

pressurized medium with the piston to selectively pressurize the second supply.
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[0021] In one embodiment, the second supply includes a vessel having an open end configured
to receive the cartridge, and a cap configured to close off the open end of the vessel.

[0022] In one embodiment, the print head further includes a bracket connecting the vessel to a
housing of the print head.

[0023] In one embodiment, the cartridge includes a flexible membrane that collapses as matrix
is pushed from the cartridge.

[0024] In one embodiment, the flexible membrane is configured to block energy that triggers
curing of the matrix.

[0025] In one embodiment, the flexible membrane is at least partially transparent.

[0026] In one embodiment, the print head further includes a metering valve disposed between
the second supply and the wetting mechanism.

[0027] In another aspect, the present disclosure is directed to another method of additively
manufacturing a composite structure. This method may include directing a continuous
reinforcement from a first supply on a print head to a wetting mechanism, and selectively
pressurizing a second supply on the print head to push a liquid matrix from the second supply to
the wetting mechanism. The method may also include wetting the continuous reinforcement with
the liquid matrix in the wetting mechanism, and discharging the wetted continuous reinforcement
through an outlet of the print head.

[0028] In one embodiment, the method further includes sensing a pressure of the liquid matrix
in the wetting mechanism, wherein selectively pressurizing the second supply includes
selectively pressurizing the second supply based on the sensed pressure.

[0029] In one embodiment, the method further includes heating the liquid matrix in at least one
of the second supply and the wetting mechanism.

[0030] In one embodiment, selectively pressurizing the second supply causes the liquid matrix
to be pushed from a cartridge. In this embodiment, the method further includes generating a
signal indicative of a volume of liquid matrix remaining in the cartridge, and selectively
replacing the cartridge based on the signal.

[0031] In another aspect, the present disclosure is directed to another additive manufacturing
system. This system may include a support, and a print head operatively connected to and
moveable by the support. The print head may include an outlet configured to discharge a

material in a trajectory along a central axis of the outlet, and a compactor disposed downstream
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of the outlet relative to the trajectory and configured to press the material transversely against an
adjacent surface. The outlet may be configured to translate relative to the compactor.

[0032] In one embodiment, the outlet is configured to translate in a direction aligned with the
central axis.

[0033] In one embodiment, the compactor is configured to roll over the material.

[0034] In one embodiment, the outlet is part of a wetting module that separately receives a
continuous reinforcement and a matrix and discharges the continuous reinforcement wetted with
the matrix as the material.

[0035] In one embodiment, the outlet is a tip of a nozzle at a downstream end of the wetting
module.

[0036] In one embodiment, the print head further includes a clamp located upstream of the
wetting module and configured to selectively clamp the continuous reinforcement before the
continuous reinforcement is wetted with the matrix. The clamp may translate with the wetting
module.

[0037] In one embodiment, the print head further includes a clamp located upstream of the
outlet and configured to selectively clamp the material. The clamp may translate with the outlet.
[0038] In one embodiment, the compactor is configured to extend and retract during pressing
against the material.

[0039] In one embodiment, a translation direction of the outlet is oriented at an oblique angle
relative to an extension-retraction direction of the compactor.

[0040] In one embodiment, the oblique angle is 30-60°.

[0041] In one embodiment, the oblique angle is 45°.

[0042] In one embodiment, the print head further includes a cutting module configured to
translate together with extension and retraction of the compactor.

[0043] In one embodiment, the cutting module is additionally configured to translate relative to
the compactor in a same direction as the extension and retraction of the compactor.

[0044] In one embodiment, the system further includes a controller programmed to selectively
cause translation of the outlet, translation of the cutting module, and extension/retraction of the
compactor.

[0045] In one embodiment, the controller is programmed to cause the outlet to translate away

from the compactor and to extend the cutting module during a severing event.
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[0046] In one embodiment, the controller is programmed to cause the outlet to translate toward
the compactor and to retract the cutting module during an anchoring event.

[0047] In one embodiment, the print head further includes a cutting module located between
the outlet and the compactor.

[0048] In one embodiment, the cutting module is configured to translate relative to the both the
outlet and the compactor.

[0049] In another aspect, the present disclosure is directed to another method of additively
manufacturing a composite structure. This method may include discharging a material through
an outlet along a central axis of the outlet, and compacting the material at a location downstream
of the outlet relative to a trajectory of the discharging material. The method may also include
selectively translating the outlet along the trajectory relative to the location.

[0050] In one embodiment, the method further includes clamping the material at a clamping
location upstream of the outlet, wherein selectively translating the outlet includes translating the
outlet together with the clamping location.

[0051] In another aspect, the present disclosure is directed to another additive manufacturing
system. This system may include a support, and a print head operatively connected to and
moveable by the support. The print head may include an outlet configured to discharge a
material in a trajectory along a central axis of the outlet, and a compactor disposed downstream
of the outlet relative to the trajectory and configured to press the material transversely against an
adjacent surface. The system may also include a cutting module located between the outlet and
the compactor. The compactor and the cutting module may be configured to move together
relative to the outlet.

[0052] In one embodiment, a movement direction of the compactor and the cutting module is
towards and away from the material discharging from the outlet.

[0053] In one embodiment, the cutting module is configured to additionally move relative to
the compactor.

[0054] In one embodiment, the system further includes a controller programmed to cause the
cutting module and the compactor to move.

[0055] In one embodiment, the controller is programmed to cause the cutting module and the

compactor to move together during a starting event when the cutting module is retracted.



WO 2022/056504 PCT/US2021/070977

-7-

[0056] In one embodiment, the controller is programmed to cause the cutting module to extend
relative to the compactor during a severing event.

[0057] In one embodiment, the print head further includes a first actuator connecting the
compactor and the cutting module to a remainder of the print head.

[0058] In one embodiment, the print head further includes a second actuator connecting the
cutting module to the first actuator.

[0059] In one embodiment, the cutting module includes a blade and a third actuator configured
to rotate the blade.

[0060] In one embodiment, the print head further includes a counterbalance connecting the
compactor and the cutting module to a remainder of the print head.

[0061] In one embodiment, the cutting module includes a rotary blade having a polygonal
shape with a plurality of vertexes.

[0062] In one embodiment, the print head further includes a first rail, and at least a first
carriage configured to slide along the first rail, the at least a first carriage being operatively
connected to the compactor and the cutting module.

[0063] In one embodiment, the print head further includes a second rail operatively connected
to the first rail, and at least a second carriage configured to slide along the second rail, the at least
asecond carriable being operatively connected to the cutting module.

[0064] In one embodiment, the print head further includes a spring connecting the compactor
to the first carriage.

[0065] In one embodiment, the compactor forms a portion of a compacting/curing module that
is further configured to expose the material to a cure energy.

[0066] In one embodiment, the compacting/curing module includes a first source configured to
direct the cure energy through the compactor.

[0067] In one embodiment, the compacting/curing module further includes a second source
configured to direct the cure energy to a location trailing the compactor.

[0068] In one embodiment, the first source is tilted to direct the cure energy rearward through
the compactor toward the location trailing the compactor and includes a first pair of light pipes at
opposing ends of the compactor that are tilted to direct the cure energy inwards towards each

other. The second source may be tilted to direct the cure energy forward toward the compactor
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and includes a second pair of spaced-apart light pipes that are tilted to direct the cure energy
inwards towards each other.

[0069] In another aspect, the present disclosure is directed to another method of additively
manufacturing a composite structure. This method may include discharging a material through
an outlet along a central axis of the outlet, and compacting the material with a compactor at a
location downstream of the outlet relative to a trajectory of the discharging material. The method
may also include cutting the material with a cutting module at a mid-location between the outlet
and the compactor, and selectively translating the compactor and the cutting module together
relative to the outlet.

[0070] In another aspect, the method further includes selectively translating the cutting module

relative to the compactor.

Brief Description of the Drawings

[0071] Fig. 1 is a diagrammatic illustration of an exemplary disclosed additive manufacturing
system;

[0072] Figs. 2 and 3 are diagrammatic illustrations of an exemplary disclosed print head that
may form a portion of the additive manufacturing system of Fig. 1;

[0073] Fig. 4 is a cross-sectional illustration of an exemplary disclosed reinforcement supply
portion of the print head of Figs. 2 and 3;

[0074] Figs. 5-8 are diagrammatic illustrations of exemplary disclosed guide portions of the
print head of Figs. 2 and 3;

[0075] Fig. 9 is a cross-sectional illustration of an exemplary disclosed debris collecting
portion of the print head of Figs. 2 and 3;

[0076] Figs. 10 and 11 are diagrammatic and cross-sectional illustrations, respectively, of an
exemplary disclosed tensioning portion of the print head of Figs. 2 and 3;

[0077] Figs. 12 and 13 are diagrammatic and cross-sectional illustrations, respectively, of an
exemplary disclosed matrix supply portion of the print head of Figs. 2 and 3;

[0078] Figs. 14 and 15 are diagrammatic illustrations and Fig. 16 is a cross-sectional
illustration of an exemplary disclosed clamping portion of the print head of Figs. 2 and 3;
[0079] Figs. 17 and 18 are diagrammatic and cross-sectional illustrations, respectively, of an

exemplary disclosed wetting portion of the print head of Figs. 2 and 3;
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[0080] Figs. 19 and 20 are diagrammatic illustrations of exemplary disclosed feeding, cutting,
compacting and curing portions of the print head of Figs. 2 and 3;

[0081] Fig. 21 is a diagrammatic illustration of the exemplary disclosed cutting, compacting
and curing portions of Figs. 19 and 20;

[0082] Figs. 22 and 23 are cross-sectional and exploded view illustrations of the exemplary
disclosed cutting portion of Figs. 19-21;

[0083] Figs. 24 and 25 are diagrammatic illustrations and Fig. 26 is a cross-sectional
illustration of the curing and compacting portions of Figs. 19-21;

[0084] Figs. 27, 28, 29, 30, 31, 32 and 33 are exploded view and diagrammatic illustrations of
exemplary components of the curing and compacting portion of Figs. 24 and 25; and

[0085] Figs. 34, 35, 36, 37 and 38 are diagrammatic illustrations showing operation of the

feeding, cutting, compacting and curing portions of Figs. 19 and 20.

Detailed Description

[0086] The term “about™ as used herein serves to reasonably encompass or describe minor
variations in numerical values measured by instrumental analysis or as a result of sample
handling. Such minor variations may be in the order of plus or minus 0% to 10%, plus or minus
0% to 5%, or plus or minus 0% to 1%, of the numerical values.

[0087] The term “substantially” as used herein refers to a majority of, or mostly, as in at least
about 50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.9%, 99.99%, or at
least about 99.999% or more.

[0088] Fig. 1 illustrates an exemplary system 10, which may be used to manufacture a
composite structure 12 having any desired shape, size, configuration, and/or material
composition. System 10 may include at least a support 14 and a head 16. Head 16 may be
coupled to and moveable by support 14 during discharge of a composite material (shown as C).
In the disclosed embodiment of Fig. 1, support 14 is a robotic arm capable of moving head 16 in
multiple directions during fabrication of structure 12. Support 14 may alternatively embody a
gantry (e.g., an overhead-bridge gantry, a single-post gantry, etc.) or a hybrid gantry/arm also
capable of moving head 16 in multiple directions during fabrication of structure 12. Although
support 14 is shown as being capable of 6-axis movements, it is contemplated that any other type

of support 14 capable of moving head 16 in the same or a different manner could also be utilized.
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In some embodiments, a drive or coupler 18 may mechanically join head 16 to support 14, and
include components that cooperate to move portions of and/or supply power and/or materials to
head 16.

[0089] Head 16 may be configured to receive or otherwise contain a matrix that, together with
a continuous reinforcement, makes up the composite material discharging from head 16. The
matrix may include any type of material that is curable (e.g., a liquid resin, such as a zero-volatile
organic compound resin, a powdered metal, etc.). Exemplary resins include thermosets, single-
or multi-part epoxy resins, polyester resins, cationic epoxies, acrylated epoxies, urethanes, esters,
thermoplastics, photopolymers, polyepoxides, thiols, alkenes, thiol-enes, and more. In one
embodiment, the matrix inside head 16 may be pressurized, for example by an external device
(e.g., by an extruder or another type of pump - not shown) that is fluidly connected to head 16 via
a corresponding conduit (not shown). In another embodiment, however, the pressure may be
generated completely inside of head 16 by a similar type of device. In yet other embodiments,
the matrix may be gravity-fed into and/or through head 16. For example, the matrix may be fed
into head 16 and pushed or pulled out of head 16 along with one or more continuous
reinforcements. In some instances, the matrix inside head 16 may benefit from being kept cool
and/or dark (e.g., to inhibit premature curing or otherwise obtain a desired rate of curing after
discharge). In other instances, the matrix may need to be kept warm for similar reasons. In
either situation, head 16 may be specially configured (e.g., insulated, temperature-controlled,
shielded, etc.) to provide for these needs.

[0090] The matrix may be used to coat any number of continuous reinforcements (e.g.,
separate fibers, tows, rovings, ribbons, socks, sheets and/or tapes of continuous material) and,
together with the reinforcements, make up a portion (e.g., a wall) of composite structure 12. The
reinforcements may be stored within (e.g., on one or more separate internal creels 19) or
otherwise passed through head 16 (e.g., fed from one or more external spools — not shown).
When multiple reinforcements are simultaneously used (e.g., interwoven, one on top of another,
adjacent tracks, etc. that are combined prior to and/or after entering head 16), the reinforcements
may be of the same material composition and have the same sizing and cross-sectional shape
(e.g., circular, square, rectangular, etc.), or a different material composition with different sizing
and/or cross-sectional shapes. The reinforcements may include, for example, carbon fibers,

vegetable fibers, wood fibers, mineral fibers, glass fibers, metallic wires, optical tubes, etc. It
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should be noted that the term “reinforcement™ is meant to encompass both structural and non-
structural types of continuous materials that are at least partially encased in the matrix
discharging from head 16.

[0091] The reinforcements may be exposed to (e.g., at least partially coated with) the matrix
while the reinforcements are inside head 16, while the reinforcements are being passed to head
16, and/or while the reinforcements are discharging from head 16. The matrix, dry
reinforcements, and/or reinforcements that are already exposed to the matrix (e.g., pre-
impregnated reinforcements) may be transported into head 16 in any manner apparent to one
skilled in the art. In some embodiments, a filler material (e.g., chopped fibers) may be mixed
with the matrix before and/or after the matrix coats the continuous reinforcements.

[0092] As will be explained in more detail below, one or more cure enhancers (e.g., a UV light,
an ultrasonic emitter, a laser, a heater, a catalyst dispenser, etc.) may be mounted proximate (e.g.,
within, on, or adjacent) head 16 and configured to enhance a cure rate and/or quality of the
matrix as it discharges from head 16. The cure enhancer(s) may be controlled to selectively
expose portions of structure 12 to energy (e.g., to UV light, electromagnetic radiation, vibrations,
heat, a chemical catalyst, etc.) during material discharge and the formation of structure 12. The
energy may trigger a chemical reaction to occur within the matrix, increase a rate of the chemical
reaction, sinter the matrix, harden the matrix, or otherwise cause the matrix to cure as it
discharges from head 16. The amount of energy produced by the cure enhancer(s) may be
sufficient to cure the matrix before structure 12 axially grows more than a predetermined length
away from head 16. In one embodiment, structure 12 is cured before the axial growth length
becomes equal to an external diameter of the matrix-coated reinforcement.

[0093] The matrix and/or reinforcement may be discharged from head 16 via one or more
different modes of operation. In a first exemplary mode of operation, the matrix and/or
reinforcement are extruded (e.g., pushed under pressure and/or mechanical force) from head 16
as head 16 is moved by support 14 to create the 3-dimensional trajectory within a longitudinal
axis of the discharging material. In a second exemplary mode of operation, at least the
reinforcement is pulled from head 16, such that a tensile stress is created in the reinforcement
during discharge. In this mode of operation, the matrix may cling to the reinforcement and
thereby also be pulled from head 16 along with the reinforcement, and/or the matrix may be

discharged from head 16 under pressure along with the pulled reinforcement. In the second
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mode of operation, where the matrix is being pulled from head 16 with the reinforcement, the
resulting tension in the reinforcement may increase a strength of structure 12 (e.g., by aligning
the reinforcements, inhibiting buckling, etc.), while also allowing for a greater length of
unsupported structure 12 to have a straighter trajectory. That is, the tension in the reinforcement
remaining after curing of the matrix may act against the force of gravity (e.g., directly and/or
indirectly by creating moments that oppose gravity) to provide support for structure 12.

[0094] The reinforcement may be pulled from head 16 as a result of head 16 being moved by
support 14 away from an anchor (e.g., a print bed, a table, a floor, a wall, a surface of structure
12, etc. — not shown). In particular, at the start of structure formation, a length of matrix-
impregnated reinforcement may be pulled and/or pushed from head 16, deposited onto the
anchor, and at least partially cured, such that the discharged material adheres (or is otherwise
coupled) to the anchor. Thereafter, head 16 may be moved away from the anchor (e.g., via
controlled regulation of support 14), and the relative movement may cause the reinforcement to
be pulled from head 16. It should be noted that the movement of reinforcement through head 16
could be assisted (e.g., via one or more internal feed mechanisms), if desired. However, the
discharge rate of reinforcement from head 16 may primarily be the result of relative movement
between head 16 and the anchor, such that tension is created within the reinforcement. Itis
contemplated that the anchor could be moved away from head 16 instead of or in addition to
head 16 being moved away from the anchor.

[0095] A controller 20 may be provided and communicatively coupled with support 14, head
16, and any number of the cure enhancer(s). Each controller 20 may embody a single processor
or multiple processors that are specially programmed or otherwise configured to control an
operation of system 10. Controller 20 may further include or be associated with a memory for
storing data such as, for example, design limits, performance characteristics, operational
instructions, tool paths, and corresponding parameters of each component of system 10. Various
other known circuits may be associated with controller 20, including power supply circuitry,
signal-conditioning circuitry, solenoid driver circuitry, communication circuitry, and other
appropriate circuitry. Moreover, controller 20 may be capable of communicating with other
components of system 10 via wired and/or wireless transmission.

[0096] One or more maps may be stored in the memory of controller 20 and used by controller

20 during fabrication of structure 12. Each of these maps may include a collection of data in the
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form of lookup tables, graphs, and/or equations. In the disclosed embodiment, controller 20 may
be specially programmed to reference the maps and determine movements of head 16 required to
produce the desired size, shape, and/or contour of structure 12, and to responsively coordinate
operation of support 14, the cure enhancer(s), and other components of head 16.

[0097] An exemplary head 16 is disclosed in greater detail in Figs. 2 and 3. As can be seen in
these figures, head 16 may include a housing 22 that is configured to hold, enclose, contain,
and/or provide mounting for the remaining components of head 16. Housing 22 may include any
number of panels connected to each other to form a multi-sided enclosure that supports and
protects the other components. In the disclosed embodiment, the enclosure of housing 22 is
generally T-shaped, having an upper generally horizontal plate 24 (e.g., as viewed from the
perspective of Fig. 2) and one or more lower plates 26 (e.g., a primary plate 26a and an
orthogonally oriented gusset 26b) that are generally vertical and intersect with upper plate 24.
The other components of head 16 may be mounted to a front and/or back of lower plate(s) 26,
and to an under side of upper plate 24. As will be explained in more detail below, some
components may extend downward past a terminal end of lower plate(s) 26. Likewise, some
components may extend transversely from lower plate(s) 26 past outer edges of upper plate 24.
[0098] Upper plate 24 may be generally square, while lower plate 26 may be elongated. Lower
plate 26 may have a wider proximal end rigidly connected to a general center of upper plate 24
and a narrower distal end that is cantilevered from the proximal end. Coupler 18 may be
connected to upper plate 24 at a side opposite lower plate(s) 26 and used to quickly and
releasably connect head 16 to support 14. One or more racking mechanisms (e.g., handles,
hooks, eyes, etc. — not shown) may be located adjacent coupler 18 and used to rack head 16 (e.g.,
during tool changing) when head 16 is not connected to support 14.

[0099] As shown in Figs. 2 and 3, any number of components of head 16 may be mounted to
housing 22 via upper and/or lower plates 24, 26. For example, a reinforcement supply module 44
and a matrix supply module 46 may be operatively connected to upper plate 24, while a
tensioning module 48, a clamping module 50, a wetting module 52, an outlet 54, a cutting
module 56, and a compacting/curing module 58 may be operatively mounted to lower plate(s) 26.
It should be noted that other mounting arrangements may also be possible. Any number of
conduits, valves, actuators, chillers, heaters, manifolds, wiring harnesses, and other similar

components may be co-mounted to one or more of upper and/or lower plates 24, 26, if desired.
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[00100] As will be described in more detail below, the reinforcement may pay out from module
44, pass through and be tension-regulated by module 48, be wetted with matrix in module 52
(e.g., as supplied by module 46) and be discharged through outlet 54. After discharge, the
matrix-wetted reinforcement may be selectively severed via module 56 (e.g., while being held
stationary by module 50) and thereafter compacted and/or cured by module 58.

[00101] As shown in Fig. 4, module 44 may be a subassembly that includes components
configured to selectively allow and/or drive rotation of creel 19, while simultaneously translating
creel 19 in an axial direction during the rotation. As will be discussed in more detail below, the
rotation of creel 19 may be regulated by controller 20 (referring to Fig. 1) based, at least in part,
on a detected position and/or status of module 48. This responsive rotational regulation may help
to maintain one or more desired levels of tension within the reinforcement (e.g., a nominal
tension during normal discharge; a lower level during free-space printing; a higher level during
severing, etc.). The axial translation of creel 19 may help the reinforcement to feed substantially
perpendicularly from creel 19 (e.g., relative to an axis 59 of creel 19), regardless of an axial
location at which the reinforcement is being fed from creel 19. That is, the reinforcement may
initially be loaded onto creel 19 in a spiraling motion and, unless otherwise accounted for, the
feed location of the reinforcement from creel 19 may shift axially from one end of creel 19 to an
opposing end during unspooling. This axial shifting of the feed point could cause degradation to
the reinforcement and/or interrupt smooth operation of downstream components (e.g., of module
48 that is located immediately downstream). Accordingly, by translating creel 19 along axis 59
(e.g., at a rate corresponding to the spiral of the reinforcement on creel 19) during unspooling, the
reinforcement may be maintained at a relatively constant feed location and angle a relative to the
rest of head 16. This may reduce degradation of the reinforcement and help ensure smooth
feeding into and operation of module 48. In some embodiments, the constant feed location
and/or angle o may additionally or alternatively inhibit untwisting of the reinforcement during
unspooling.

[00102] The subassembly components of module 44 may include, among other things, a
translating actuator 60 rigidly connected to at least one of upper and lower plates 24, 26 (e.g., to
only upper plate 24), and a rotating actuator 62 operatively connecting creel 19 to translating
actuator 60. During operation, controller 20 may selectively activate translating actuator 60 and

cause rotating actuator 62 and creel 19 to reciprocate together in a direction generally orthogonal
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to primary plate 26a (referring to Figs. 2 and 3). Controller 20 may coordinate this reciprocation
in coordination with rotation of actuator 62 and unspooling of creel 19. It should be noted that
the unspooling of creel 19 may be based primarily on the tension requirements of module 48, and
that the reciprocation is controlled in response to the unspooling.

[00103] In one example, translating actuator 60 may include a rail 64, a carriage 66 configured
to slide along rail 64, and a motor 68 configured to cause the sliding of carriage 66. Motor 68
may embody an electric, hydraulic, pneumatic, or other type of motor connected to carriage 66
(e.g., by way of alead screw 70). Itis contemplated that another type of translating actuator
(e.g., a cylinder) could be used, if desired.

[00104] In one example, rotating actuator 62 may be rigidly connected to carriage 66 of
translating actuator 60 via an arm 72. A rotary actuator 74 may be fixedly connected to arm 72,
and include a rotor 76 rotationally affixed to creel 19 (e.g., to a spool core 78). In one example,
spool core 78 may be easily removed (e.g., slipped off axially) from rotor 76 and rotationally
locked to rotor 76 (e.g., via a keyway, a friction device, etc.). Rotor 76 may be rotationally
supported by arm 72 via one or more bearings 79.

[00105] The coordination by controller 20 of the rotation and translation of creel 19 may be
performed multiple different ways. In one example, an initial spiral rate of the reinforcement on
the spool may be assumed or provided by the reinforcement manufacturer, and controller 20 may
generate a feedforward command based on the assumption to translate and rotate creel at
corresponding rates. In some embodiments, a decreasing diameter of creel 19 (e.g., due to
consumption of the reinforcement) may affect the assumed or provided rate of spiral.
Accordingly, the diameter may also be assumed (e.g., based on known and/or commanded
motions, consumption, and/or payout from head 16), measured (e.g., via a diameter sensor — not
shown), and/or back calculated based on reinforcement payout and/or head velocity and
accounted for by controller 20.

[00106] In another example, the angle a of the reinforcement paying out from the spool of creel
19 may be directly measured. In this example, controller 20 may generate a feedback signal that
adjusts the rotation and/or translation rate and/or position, such that the angle of the
reinforcement is maintained within a threshold (e.g., 6=15°) of 90° relative to the axis of creel
19. Any number of angle and/or position (e.g., optical, mechanical, etc.) sensors 81 may be

employed for this purpose and connected to controller 20. It is contemplated that both the
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feedforward and feedback signals may be utilized by controller 20 to regulate the rotation and/or
translation of creel 19, if desired. Itis also contemplated that the rotation may be regulated
solely based on the tension with the reinforcement and only the translation may be adjusted based
on the payout angle of the reinforcement.

[00107] In some applications, it may not be possible or feasible to completely eliminate angle a
during unspooling of creel 19. In these applications, one or more centering guides 80 may be
placed between modules 46 and 48 (e.g., alone or in series) that further reduce angle a.
Exemplary guides 80 are illustrated in Figs. 5-8.

[00108] The example guide 80 of Fig. 5 may include any number of rotary redirects 82 arranged
into any number of pairs that are substantially orthogonal to each other. For example, a first pair
(one shown in phantom) of redirects 82 may be oriented parallel to each other and generally
orthogonal to axis 59, and a second pair (one shown in phantom) of redirects 82 may be oriented
parallel to each other and parallel to axis 59. Two sets of orthogonal redirects 82 may function to
capture the reinforcement therebetween, eliminating a risk of losing control over reinforcement
placement. However, it is contemplated that, alternatively, one pair of parallel redirects 82 (e.g.,
the pair that is orthogonal to axis 59) and a single additional redirect 82 (e.g., a redirect that is
parallel to axis 59) could be utilized, wherein the single additional redirect 82 is located at an
extreme or maximum position within an expected range of reinforcement motion (i.e., such that
the reinforcement always wraps at least partially around the single additional redirect 82,
regardless of feed location from the spool of creel 19). It is also contemplated that only two
orthogonal redirects 82 (i.e., no parallel pairs) could alternatively be utilized (i.e., such that the
reinforcement always wraps at least partially around each of the redirects), if desired.

[00109] In one embodiment, the redirect(s) 82 parallel to axis 59 may be out-of-plane from the
redirect(s) 82 that are perpendicular to axis 59. This may allow the reinforcement to twist (e.g.,
by about 90°) between the redirects 82. That is, the reinforcement may have a generally
rectangular cross-section, with a width greater than a height. With the out-of-plane
configuration, the redirect(s) 82 may always engage the width of the reinforcement, thereby
exerting a lower pressure on the reinforcement and reducing a likelihood of the reinforcement
crumpling or folding. When passing from module 46 to module 48, this may require the
reinforcement to twist +90° to properly engage the upstream redirect(s) 82, and twist back -90° to

properly engage the downstream redirect(s) 82. A spacing between planes of the upstream and
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downstream redirects may be large enough to accommodate a single 90° twist therebetween. In
one embodiment, the axial distance between the upstream and downstream redirects may be at
least equal to two times the width of the reinforcement. Once the reinforcement is threaded
between the upstream and downstream redirects 82, a tension placed on the reinforcement by
module 48 may help maintain the desired engagement of the reinforcements with the upstream
and downstream redirects 82.

[00110] Because redirects 82 may act on the reinforcement while the reinforcement is dry (e.g.,
before being wetted with matrix by module 52), a diameter of each redirect may be small because
the individual filaments of the reinforcement may move more easily relative to each other as the
reinforcement bends around the redirects 82. Each redirect may be fabricated from a smooth
and/or low-surface energy material. This material may include, for example, a polished steel or a
plastic (e.g., UHMW, PTFE, FEP, an acetal homopolymer such as Polyoxymethylene, a
fluoropolymer, a coated metal, etc.).

[00111] In an alternative configuration shown in Fig. 6, guide 80 may be configured to translate
with or in place of translation of creel 19. For example, guide 80 may include a redirect 82
connected to a linear actuator 84 (e.g., a carriage/lead screw/motor configuration). In this
configuration, guide 80 may move axially with the unspooling reinforcement, such that the angle
o is reduced or reduced further than translation of creel 19 alone. It is contemplated that, when
both guide 80 and creel 19 translate, the translation of creel 19 may be greater than the translation
of guide 80.

[00112] In one example, in addition or as an alternative to translating, redirect 82 may tilt or
pivot relative to linear actuator 84. For example, redirect 82 may be elongated, having an eyelet
(shown in Fig. 6) or other guide feature (e.g., roller — see Fig. 7) 86 for receiving the
reinforcement at a distal end and being pivotally connected to linear actuator 84 at an opposing
end. Redirect 82 may be biased (e.g., via a torsional spring 89) to a center or perpendicular
position (e.g., where a is minimized). During operation, as the reinforcement unspools from
creel 19 and nears the extreme ends of the associated spool, an increasing tension in the
reinforcement may cause pivoting of redirect 82 toward the respective end. This may limit the
amount of tension allowed to pass through the reinforcement, thereby reducing damage to the

reinforcement.
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[00113] In an alternative embodiment, redirect 82 may be a translating device instead of a
rotating or pivoting device. For example, as shown in Fig. 8, redirect 86 may be a shuttle
configured to oscillate within a corresponding slot in the direction of axis 59. In the disclosed
example of Fig. 8, redirect 86 may still be associated with linear actuator 84 (e.g., the slot may be
formed within a carriage of linear actuator 84). However, it is contemplated that the oscillating
redirect 86 could alternatively be associated with a stationary slot, if desired.

[00114] In some applications, even with the care taken to reduce damage to the reinforcement
during travel between modules 44 and 48 (e.g., during travel through guide 80), some damage
may still occur. For example, individual fibers making up the reinforcement may break, fray,
and/or fuzz. If not otherwise accounted for, the broken off fibers, frayed fibers, fiber fuzz and/or
other associated debris could inhibit (e.g., build up and restrict, obstruct, clog, etc.) operations of
head 16. This situation may be exacerbated when the debris has been wetted with matrix and
begins to agglomerate. Accordingly, in these applications, a debris removal unit (“unit”) 88 may
be placed at any location downstream of guide 80 and upstream of module 52 to collect the
debris before it becomes problematic. It should be noted that a greater amount of debris may be
collected by unit 88 as unit 88 is moved downstream of a greater number of debris-generating
components. In one example, unit 88 may be placed immediately upstream of module 52.
[00115] As shown in Fig. 9, unit 88 may include, among other things, a chamber 90 through
which the reinforcement R passes during its travel toward module 52. An inlet and an outlet of
chamber 90 may be reduced, such that a pressure of the associated enclosed space may be
controlled. A vacuum port 92 may be located at one side of chamber 90 (e.g., at a gravitationally
lower side), and a filter 94 may be placed between the reinforcement and vacuum port 92.
Vacuum port 92 may generate a flow of air (or another inert medium) across the reinforcement
and through filter 94, wherein any debris d entrained in the flow becomes trapped.

[00116] In some embodiments, one or more agitators 96 may be located within chamber 90 and
in proximity to the reinforcement. Agitator(s) 96 may embody any device that is configured to
agitate (e.g., shake, vibrate, jiggle, wobble, etc.) the reinforcement and thereby dislodge loose
debris clinging to the reinforcement. In one example, agitator(s) 96 include jets configured to
direct puffs of low-pressure air against and/or across the reinforcement. A pressure of the puffs

may be great enough to agitate the reinforcement without significantly moving the reinforcement
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from a direct travel path through chamber 90. In one specific example, the pressure of the puffs
may be about 1 bar above chamber pressure.

[00117] It should be noted that unit 88 may be used to additionally or alternatively improve
impregnation of the fibers. That is, agitator(s) 96 may be used to loosen the fibers, allowing
more space for the matrix to move in therebetween. In this embodiment, agitator(s) 96 may be
used with or without vacuum port 92 and/or filter 94, if desired.

[00118] As shown in Figs. 10 and 11, module 48 may be a subassembly located between
modules 44 and 50 (e.g., relative to the travel of reinforcement through head 16) and that
includes components configured to affect an amount and/or rate of the reinforcement being paid
out by module 44. These components may include, among other things, a swing arm 98 pivotally
connected at one end (e.g., an end closest to module 44) to lower plate 26 via a pivot shaft 100, a
redirect 102 rotatably mounted at each end of swing arm 98, and a rotary sensor 104 (e.g., an
sensor, potentiometer, etc. - shown only in Fig. 11) connected to rotate with pivot shaft 100 (e.g.,
at a side of lower plate 26 opposite swing arm 98).

[00119] In the disclosed embodiment, because the pivot point of swing arm 98 is located at an
end, swing arm 98 may not be balanced about the point. If unaccounted for, this imbalance could
cause swing arm 98 to function differently as head 16 is tilted to different angles. Accordingly,
in some applications, a counterweight 108 may be connected to swing arm 98 at a side opposite
the free end of swing arm 98.

[00120] In some embodiments, swing arm 98 may be biased (e.g., via one or more springs 106)
toward a centered or neutral position. Spring 106 may extend from one or more anchors on
lower plate 26 to an end of counterweight 108 (e.g., a gravitationally lower end away from plate
24). In this embodiment, spring 106 is a tension spring. It is contemplated, however, that a
single torsion spring mounted around pivot shaft 100 could alternatively be utilized to bias swing
arm 98, if desired.

[00121] During operation, as the reinforcement is pulled out at an increasing rate from head 16,
swing arm 98 may be caused to rotate counterclockwise (e.g., relative to the perspective of Fig.
10) to provide a generally constant tension (e.g., about 0-51bs or about 0-11b) within the
reinforcement. This rotation may result in a similar input rotation to sensor 104, which may
responsively generate an output signal directed to controller 20 indicative of the increasing rate.

The signal may be directed to module 44, resulting in increased payout of the reinforcement from
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creel 19, thereby allowing swing arm 98 to return back towards its nominal position. As the rate
of reinforcement being pulled from head 16 decreases, spring 106 may rotate swing arm 98 in the
clockwise direction to provide the generally constant tension within the reinforcement. During
this clockwise motion, sensor 104 may again generate a signal indicative of the rotation and
direct this signal to controller 20 for further processing and control over module 44.

[00122] One or more end-stops 109 may be associated with module 48 to limit a range of
rotation of swing arm 98. In the disclosed embodiment, two different end-stops are provided,
including a hard end-stop 109a and a high-tension end stop 109b. Swing arm 98 may naturally
rest against hard end stop 109a due to the bias of spring 106. Swing arm 98 be selectively driven
into high-tension end stop 109b during select fabrication events (e.g., during a severing event).
[00123] It should be noted that, although a single module 48 is illustrated within print head 16, it
is contemplated that multiple modules 48 could alternatively be utilized. In this embodiment,
modules 48 could be the same or different (e.g., have different spring and/or response rates) and
placed in series, if desired.

[00124] Module 46 may be configured to direct a desired amount of matrix at a specified rate
under specified conditions to module 50 for wetting of the reinforcements received from module
48. As shown in Figs. 12 and 13, module 46 may be an assembly of components that receive,
condition and meter out matrix M from a disposable cartridge 110. These components may
include, among other things, a vessel 112 having an inlet 114 configured to receive cartridge 110,
acap 116 configured to close off inlet 114, and an outlet 118 through which the matrix is
selectively pressed from cartridge 110. In one embodiment, vessel 112 is generally cylindrical,
and cap 116 is threaded to internally receive and connect to an end of vessel 112. A port 120
may be formed within cap 116 to allow communication with a pressure-regulated medium (e.g.,
air).

[00125] Cartridge 110 may include a generally cylindrical and flexible membrane 122 having a
first end and a second end. A piston 124 may be connected at the first end to membrane 122, and
an outlet port 126 may be connected at the second end to membrane 122. With this
configuration, as the pressure-regulated medium is directed into vessel 112 (e.g., via cap 116),
the pressure of the medium may act against piston 124, generating a force directed toward outlet
port 126 that causes membrane 122 to controllably collapse. The collapse of membrane 122 may

force matrix out of membrane 122 through port 126. With this configuration, a pressure and/or a



WO 2022/056504 PCT/US2021/070977

21-

flow rate of the medium into vessel 112 via inlet port 120 may correspond with an amount and/or
a flow rate of matrix out of membrane 122 through outlet port 126 and outlet 118. Itis
contemplated that a linear actuator rather than the pressurized medium may be used to push
against piston 124 and collapse flexible membrane 122, if desired. It is also contemplated that
membrane 122 may not collapse — instead, piston 124 may be pushed lengthwise through
membrane 122 to thereby force the matrix out of cartridge 110.

[00126] In some applications, control over the amount and/or flow rate of matrix from module
46 via regulation of the medium through inlet port 120 may not be as precise as desired. In these
applications, a metering valve 128 may be situated downstream of vessel 112 and configured to
selectively adjust the amount and/or flow rate of the matrix passing to module 50. In one
embodiment, the matrix exiting vessel 112 may pass through a flexible passage 130, and valve
128 may be configured to selectively pinch and thereby restrict flow through passage 130 (e.g., in
response to signals from controller 20).

[00127] During discharge of the matrix from vessel 112, care should be taken to avoid depletion
of matrix from cartridge 110. For this reason, a level sensor 132 may be associated with
membrane 122 and configured to generate a signal indicative of an amount of matrix consumed
from and/or remaining within membrane 122. In the depicted example, level sensor 132 is an
optical sensor (e.g., alaser sensor) configured to generate a beam 134 directed through a
transparent portion of vessel 112 from the discharge end of membrane 122 to piston 124. The
beam may reflect off piston 124 and be received back at sensor 132, wherein a comparison of
outgoing and incoming portions of the beam produces a signal indicative of the consumed and/or
remaining matrix amount. It is contemplated that sensor 132 could alternatively be located at an
opposing end of cartridge 110 and configured to detect a location of piston 124 without first
passing through membrane 122, if desired. It is further contemplated that a non-optical type of
sensor (e.g., an embedded magnet/hall effect sensor) could alternatively or additionally be
utilized to generate the matrix-related signal, if desired.

[00128] It should be noted that the matrix contained within membrane 122 may be light-
sensitive. Accordingly, care should be taken to avoid exposure that could cause premature
curing. In the disclosed embodiment, membrane 122 may be tinted, coated (internally and/or
externally), or otherwise shielded to inhibit light infiltration. For example, membrane 122 may

be fabricated from an amber material that inhibits (e.g., blocks) light having a wavelength of
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about 550 nm or less. In this example, beam 134 may have a wavelength greater than 550 nm,
such that the amber material does not disrupt its passage to and from piston 124 from the
discharge end.

[00129] In some applications, handling and/or curing characteristics of the matrix may be
affected by a temperature of the matrix inside of module 46. For this reason, module 46 may be
selectively heated, cooled, and/or insulated accordingly to one or more predetermined
requirements of a particular matrix packaged within cartridge 110 and loaded into vessel 112.
For example, one or more heating elements (e.g., electrodes) 136 may be mounted inside of
and/or outside of vessel 112 and configured to generate heat conducted through membrane 122 to
the matrix therein. Controller 20 may be in communication with heating element(s) 136 and
configured to adjust the output of heating element(s) 136 based on a known and/or detected
temperatures of the matrix in module 46.

[00130] It may be important, in some situations, to insulate module 46 from other components
of head 16. In the disclosed embodiment, vessel 112 may be mounted to housing 22 (e.g., upper
and/or lower plates 24, 26) via one or more mounting brackets 138. Mounting bracket(s) 138
may be separated from vessel 112 by way of a first insulating layer 140 and from housing 22 via
a second insulating layer 142. In addition, mounting bracket(s) 138 may be fabricated from a
heat conducting material such that, if heat is transferred away from vessel 112 into mounting
bracket(s) 138, the heat may be quickly dissipated to the air.

[00131] As shown in Figs. 14, 15 and 16, clamping module 50 may be a subassembly having
components that cooperate to selectively clamp the reinforcement and thereby inhibit movement
(e.g., any movement or only reverse movement) of the reinforcement through head 16. This may
be helpful, for example, during severing of the reinforcement away from structure 12, such that
tensioning module 48 does not unintentionally pull the reinforcement back through head 16.

This may also be helpful during off-structure movements of head 16 (e.g., when no
reinforcement should be paying out) and/or briefly at a start of a new payout (e.g., while tacking
the reinforcement at the anchor). In each of these scenarios, clamping module 50 may selectively
function as a check-valve, ensuring unidirectional movement of the reinforcement through head
16. By allowing at least some movement of the reinforcement at all times, damage to the

reinforcement may be reduced. It is contemplated, however, that motion of the reinforcement
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could alternatively or selectively be inhibited in both directions when module 48 is activated, if
desired.

[00132] The components of module 50 may include, among other things, a yoke 144 that is
removably connectable to lower plate 26, a clutched roller 146 that is pivotally connected to yoke
144 via a shaft 148, and an actuator (e.g., a linear cylinder) 150 that is mounted to yoke 144 at a
side opposite roller 146 and configured to selectively engage (e.g., press the reinforcement
against) clutched roller 146. In one embodiment, an additional roller (clutched or free-rolling)
152 may be pivotally connected at an end of actuator 150 (e.g., via a shaft 154) and configured to
engage roller 146 of yoke 144. It is contemplated that one or both of rollers 146, 152 could be
replaced with a plate or foot, if desired.

[00133] As shown in Figs. 14 and 15, yoke 144 may have a generally C-shaped cross-section.
The reinforcement received from module 48 may pass through the opening of the C-shape at a
location between rollers 146 and 152. When actuator 150 is moved to a retracted position (e.g.,
during a threading event - shown in Figs. 14-16), roller 152 may be pulled away from the
reinforcement, such that movement of the reinforcement through yoke 144 in any direction is
uninhibited by rollers 146 and 152. When actuator 150 is in an extended position (not shown),
roller 152 may force the reinforcement downward against roller 146, thereby allowing translation
of the reinforcement only on the payout direction when rollers 146 and 152 rotate about their
respective shafts (e.g., only in the payout direction facilitated by internal clutches). Because
rollers 146 and 152 may rotate at a same rate that the reinforcement passes through module 50,
damage to the reinforcement may be minimal (i.e., because there is no relative motion between
the reinforcement and the rollers).

[00134] It may be important, in some applications, to ensure parallel alignment between axis of
shafts 148 and 154. Parallel alignment may promote line-to-line contact and damage-free
sandwiching of the reinforcement therebetween. In these applications, the orientation of shaft
148 may be fixed relative to yoke 144, while shaft 154 may be connected to actuator 150 (e.g., to
a plunger of actuator 150) via a pivot pin 156. Pivot pin 156 may allow the axis of shaft 154 (and
roller 152) to pivot within a plane passing through the axis of shaft 148 during engagement of
roller 152 with roller 146 until the line-to-line contact is achieved (e.g., within a threshold
amount). In addition, in some embodiments, one or both of rollers 146 and 152 may be wrapped

in a compliant material (e.g., rubber) to further promote parallel alignment, if desired.
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[00135] During clutched operation of rollers 146 and 152, any generated torque may be
transferred back through yoke 144 to lower plate 26. For example, shafts 148 and 154 may
include features (e.g., flat-sided heads) that mechanically lock with corresponding features (e.g.,
slots) of yoke 144. Any rotations induced within rollers 146 and 152 that are caused by reverse
motion of the reinforcement back into head 16 may be inhibited by the mechanical lock.

[00136] The clutching of rollers 146 and 152 may allow reinforcement to be pulled through
module 50, even when module 50 has been activated. This may allow for relaxed timing
precision between cutting and feeding events. It is contemplated that, in some applications,
module 50 may be active any time head 16 is active. This may allow for reduced part count (e.g.,
elimination of actuator 150) and/or increased component reliability.

[00137] In some applications, activation of module 50 may be used to detect an operational
status of another module of head 16. For example, when the other modules of head 16 are fully
operational and module 50 is activated to clamp the continuous reinforcement, no subsequent
payout of the continuous reinforcement should be detected. This includes motion of head 16
away from a point of reinforcement severance. That is, if severing has been commanded of
module 56 by controller 20 and module 50 has been previously activated, failure of module 56 to
fully sever the reinforcement may correspond with additional reinforcement being pulled through
the clutched rollers of module 50 during movement of head 16 away from the severance location.
The pulling of additional reinforcement may be detected by sensor 104, and controller 20 may
respond accordingly. For example, controller 20 may place head 16 into a hold status, thereby
allowing an operator to service or replace module 56.

[00138] As shown in Figs. 17 and 18, wetting module 52 may be a subassembly that includes,
among other things, a tubular body 158 having a fiber inlet 160 configured to receive
reinforcement from module 50, a matrix inlet 162 (shown only in Fig. 17) configured to receive
matrix from module 46, and a composite outlet 164 configured to discharge matrix-wetted
reinforcements toward module 58; a first nozzle 166 removably connected to fiber inlet 160; a
second nozzle 168 removably connected to composite outlet 164; and a heater 170 associated
with body 158 and disposed between fiber inlet 160 and composite outlet 164 (e.g., closer to
fiber inlet 160).

[00139] Reinforcement entering module 52 may pass first through nozzle 166. In one

embodiment, nozzle 166 has a cross-sectional (e.g., rectangular, circular, triangular, or other
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polygonal or elliptical) shape substantially matching a cross-sectional shape of the reinforcement.
An area of the cross-section may taper from a larger upstream end to a smaller downstream end.
This tapering may facilitate threading of the reinforcement through nozzle 166. The area of the
downstream cross-section may be selected to be just larger than a cross-sectional area of the
reinforcement, such that reverse passage of matrix through the downstream cross-section may be
restricted. In one embodiment, the downstream cross-sectional area of nozzle 166 may be 0-30%
(e.g., 10-20%) greater than the cross-sectional area of the reinforcement. A seal 172 may be
disposed annularly between an outer surface of nozzle 166 and an inner surface of body 158, and
a fastener (e.g., a nut) 174 may be used to press nozzle 166 into body 158. Body 158 may
include one or more clocking features (e.g., flat lands) that engage one or more corresponding
clocking features (e.g., flat lands) of nozzle 166, such that body 158 and nozzle 166 (and the
reinforcement passing through nozzle 166) may be oriented in a desired manner relative to each
other (e.g., with a widest direction of the nozzle opening being oriented horizontally).

[00140] Pressurized matrix may be directed into body 158 at the same time that the
reinforcement is discharging from nozzle 166 into body 158. The matrix may infiltrate and at
least partially wet (e.g., fully saturate and coat) the reinforcement prior to the reinforcement
reaching nozzle 168. In some applications, infiltration and/or saturation of the reinforcement
with the matrix may be enhanced as a temperature of the matrix is elevated (e.g., as a viscosity of
the matrix is decreased). In these applications, the temperature may be elevated via one or more
cartridges 176 of heater 170. A temperature sensor 178 may be selectively employed by
controller 20 to help regulate operation of cartridges 176 in a feedback-manner. A pressure
sensor (not shown) located within body 158 may similarly be employed by controller 20 to help
regulate a pressure applied to cartridge 110 within module 46.

[00141] The reinforcement wetted with matrix (i.e., the composite material) may be discharged
from body 158 through nozzle 168. Like nozzle 166, nozzle 168 may also have a cross-sectional
(e.g., rectangular) shape substantially matching the cross-sectional shape of the reinforcement.
An area of the cross-section may taper from a larger upstream end to a smaller downstream end
to facilitate threading of the reinforcement through nozzle 168. The area of the downstream
cross-section may be selected to be larger than a cross-sectional area of the reinforcement, such
that a desired amount of matrix clinging to the reinforcement may pass through the downstream

cross-section. In one embodiment, the downstream cross-sectional area of nozzle 168 may be 0-
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120% greater than the cross-sectional area of the reinforcement. A seal 180 may be disposed
annularly between an outer surface of nozzle 168 and an inner surface of body 158, and a
fastener (e.g., a nut) 182 may be used to press nozzle 168 into body 158. Body 158 may include
one or more clocking features (e.g., flat lands) that engage one or more clocking features (e.g.,
flat lands) of nozzle 168, such that body 158, nozzle 166, and nozzle 168 (and the reinforcement
passing through nozzles 166 and 168) may be oriented in a desired manner relative to each other.
[00142] Body 158 may be operably mounted to primary plate 26a (referring to Figs. 2 and 3) in
a thermally isolating manner. For example, a mounting block 184 may be placed annularly
around body 158, with an air gap 186 located therebetween. A pair of axially spaced-apart
mounting plates 188 may extend radially from body 158 outward through air gap 186 and
connected to opposing ends of mounting block 184. Fins, vanes, or other heat transferring
components 190 may extend from mounting block 184 to dissipate any excess heat that happens
to pass through air gap 186 into the air before the heat can be transferred into primary plate 26a.
[00143] Modules 50 and 52 may be configured to move together relative to the rest of head 16.
This movement may occur, for example, before, during, and/or after a severing event (e.g., after
completion of a print path, during rethreading and/or during start of a new print path). As shown
in Figs. 19 and 20, modules 50 and 52 may be rigidly connected to each other via a bracket 192
that translates (e.g., rolls and/or slides linearly) along a rail 193 (shown only in Fig. 20) affixed to
primary plate 26a. Bracket 192 may extend through a slot 194 formed within primary plate 26a,
with modules 50 and 52 located at a first side of primary plate 26a and rail 193 located at a
second side of primary plate 26a. An actuator 196 may be mounted to primary plate 26a at the
second side, and be mechanically linked to bracket 192. With this configuration, an extension or
retraction of actuator 196 may result in translation of bracket 192 and modules 50, 52 along rail
193. In one embodiment, actuator 196 is a linear actuator (e.g., a cylinder). It is contemplated
that actuator 196 could alternatively embody a rotary actuator (e.g., a motor/lead screw), if
desired. In either embodiment, a sensor may be associated with actuator 196 and configured to
generate a signal indicative of a position of actuator 196 and/or modules 50, 52.

[00144] Tt should be noted that, during the translation of bracket 192 and modules 50, 52 along
rail 193, the reinforcement passing through modules 50, 52 may remain stationary and slide
through modules 50 and 52 or translate with modules 50 and 52, depending on an actuation status

of module 50. For example, when module 50 is active and clamping the reinforcement at a time



WO 2022/056504 PCT/US2021/070977

27-

of translation, the reinforcement may translate together with modules 50 and 52. Otherwise, a
tension within the reinforcement may function to hold the reinforcement stationary, move the
reinforcement in a direction opposite the translation, or move the reinforcement in the same
direction of the translation at a different speed. A rotary sensor 198 may be placed just upstream
of module 50 to track the motion and payout of the reinforcement during these and other events.
The motion of modules 50, 52 may be coordinated with the motions of modules 56 and 58 that
will be described in more detail below.

[00145] As also shown in Fig. 19, modules 56 and 58 may selectively be moved together
relative to gusset 26b. For example, a rail 200 may be affixed to gusset 26b and oriented
vertically relative to the perspective of Fig. 19. In one embodiment, an axis of rail 200 may be
generally parallel (and aligned, in some embodiments) with an axis of coupler 18 and/or a final
rotation joint of support 14 (referring to Fig. 1). Each of modules 56 and 58 may include a
carriage 202 configured to slide and/or roll along rail 200 in the vertical direction, and a common
linear actuator 204 may be connected to translate modules 56 and 58 together along rail 200. In
one embodiment, actuator 204 is directly connected to a first end of module 58, and module 56 is
connected to a midpoint of module 58. Other configurations are also possible.

[00146] The translation direction of modules 50, 52 may be generally aligned with a center axis
of outlet 54 (e.g., of the downstream nozzle 168 - referring to Fig. 18) and tilted relative to an
axis of coupler 18. That is, module 52 may be tilted at an angle ¢ relative to the axis of coupler
18 and relative to extension/retraction motions of module 58 and translation of module 56 that
will be discussed in more detail below. In one embodiment, the angle € may be about 30-60°
(e.g., about 45°). A shallower angle may decrease the formfactor of head 16, while a deeper
angle may facilitate greater precision by allowing nozzle 168 to be closer to module 58. The
translation of modules 50, 52 may be coordinated with the motions of modules 56 and 58 and
described in more detail below.

[00147] In some applications, a counterbalance 205 may be operatively connected to modules
56 and/or 58. In the embodiment of Fig. 21, counterbalance 205 is connected to module 58 via a
lever arm 207. A first end of lever arm 207 may be pivotally connected to counterbalance 205,
while a second end may be pivotally connected to module 58. Lever arm 207 may be pinned to
gusset 26b at a location between the first and second ends. With this arrangement, a compacting

force imparted by module 58 may remain relatively constant, regardless of tilting of head 16.
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[00148] Module 56 may also be configured to selectively move relative to module 58. For
example, an actuator 206 may link modules 56 and 58 together and be configured to selectively
extend module 56 away from module 58 in the axial direction of rail 200. Although shown as
translating relative to module 58, it is contemplated that module 56 could alternatively or
additionally rotate between the stowed and deployed positions, if desired.

[00149] As shown in Figs. 22 and 23, module 56 may be an assembly of components that
cooperate to sever the reinforcement passing from module 52 to module 58. These components
may include, among other things, a mounting bracket 208 connecting an output link of actuator
206 to carriage 202 (e.g., via a fastener 209), a cutting mechanism (e.g., a rotary blade) 210; a
cutting actuator (e.g., a rotary motor) 212 connecting mechanism 210 to bracket 208 via
associated hardware (e.g., bearings, washers, fasteners, shims, etc.) 214, and a cover 216
configured to at least partially enclose (e.g., enclose on at least two sides) cutting mechanism
210. With this configuration, activation of actuator 212 may cause mechanism 210 to rotate such
that, during extension of module 56 away from module 58, mechanism 210 may sever the
reinforcement. Cover 216 may protect against unintentional contact with a cutting edge of
mechanism 210. It is contemplated that actuator 212 may be configured to affect a different
motion (e.g., a vibration, a side-to-side translation, etc.) of mechanism 210, if desired. It should
be noted that while cutting mechanism 210 has been described as a rotary blade, a serrated,
hexagonal, or other polygonal shaped blade may improve severing, in some situations.

[00150] A portion of module 58 is shown enlarged in Figs. 24, 25 and 26. As shown in these
figures, module 58 may be a self-contained assembly of multiple components that interact to
selectively compact and at least partially cure matrix-wetted reinforcements during discharge
from head 16. These components may include, among other things, a mounting bracket 218
(shown only in Figs. 24 and 25 — omitted from Fig. 26 for clarity) that extends between carriage
202, actuator 204, and module 56; a shaft 220 removably connected to bracket 218 (e.g., via one
or more fasteners — not shown), a roller subassembly 222 rotationally mounted on shaft 220 via
one or more bearings 224, and any number of cure sources 226 mounted to one or both of bracket
218 and shaft 220.

[00151] Bracket 218 may have an opening formed therein to accommodate and provide a
reaction base for actuator 206 of module 56 (referring to Fig. 23) during relative motion induced

by actuator 206 between modules 56 and 58. An extension of actuator 204 may cause bracket
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218 to press roller subassembly 222 against a material discharging from head 16, thereby
compacting the material with a force related to the extension distance. In some embodiments, a
resilient mechanism (e.g., spring) may be located between bracket 218 and subassembly 222,
such that the force of the compaction is related to the displacement caused by actuator 206 and a
spring-force of the resilient mechanism.

[00152] In the disclosed embodiment, four different cure sources 226 (e.g., light sources, such
as light pipes that extend from one or more U. V. lights 227 or lasers— shown in Fig. 20) are
implemented within module 58. Two of these sources 226 may be mounted directly to shaft 220
at a leading side relative to a movement direction of head 16 (e.g., entering axial ends of shaft
220), while two sources 226 may be mounted directly to bracket 218 at a trailing side. Leading
sources 226 may terminate within roller subassembly 222, for radiation radially outward through
an annular surface of roller subassembly 222 at the tool center point of head 16. Trailing sources
226 may terminate just above the material discharging from head 16 at a location downstream of
roller subassembly 222.

[00153] The orientation of each source 226 may be designed to provide a desired level of curing
to a particular portion of the discharging material. In one embodiment, a transverse angle
(shown in Fig. 26) located between a compaction axis 228 of module 58 (e.g., an axis passing in
a direction of force exerted by actuator 204 that is substantially normal to a surface of the
discharging material being compacted) and an axis of each source 226 may be about 20-40° (e.g.,
about 30°). In this same embodiment, a fore/aft angle v (shown in Fig. 24) located between
compaction axis 228 and the axes of leading sources 226 may be about 0-20° (e.g., about 10°),
while a fore/aft angle 8 (shown in Fig. 24) located between compaction axis 228 and the axes of
trailing sources 226 may be about 30-60° (e.g., about 45°). As will be explained in more detail
below in reference to Fig. 30, the angle y may be selected so that the associated cure energy
impinges the material at a trailing side of a flat patch formed within roller subassembly 222 (e.g.,
starting at a tool center point in the flat patch and extending rearward). The flat patch may allow
the material to be compressed flat against an adjacent layer prior to and/or while being cured.
The angle 6 may be selected to provide a compact form factor of head 16 at the discharge end,
while directing the associated cure energy as close as possible to the tool center point of roller
subassembly 222. A greater angle 8 may allow for even closer exposure, but the form of head 16

may grow proportionally. The cure energy from leading sources 226 may primarily function to
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tack the discharging material in a desired shape and location, while the cure energy from trailing
sources 226 may function to impart a deeper or greater degree of cure (e.g., a through-cure).
[00154] As shown in Fig. 27, roller subassembly 222 may include, among other things an
internal hub 230 that is rotationally mounted over shaft 220 via bearings 224 (referring to Figs.
24-26), a biasing insert 232 mounted over hub 230, a compliant roller 234 mounted over insert
232, and an outer annular cover 236.

[00155] Hub 230 may have an inner annular surface 238 that steps radially outward to a larger
diameter at opposing axial ends, the larger diameter at each end being configured to internally
receive an outer race of a corresponding bearing 224 (referring to Figs. 25 and 26). The inner
races of bearing 224 may be supported at ends of shaft 220, and an annular gap may exist
between inner annular surface 238 of hub 230 and an outer annular surface of shaft 220. In this
way, hub 230 may be allowed to rotate freely relative to shaft 220, even during compressing
activities of roller subassembly 222.

[00156] Hub 230 may likewise have an outer annular surface 240 that steps radially inward to a
smaller diameter at the opposing axial ends, the smaller diameter at each end being configured to
support corresponding ends of roller 234. Roller 234 may include inwardly extending flanges
242 (see Fig. 29) that engage the smaller diameters of outer annular surface 240. This
engagement may axially align roller 234 with hub 230. In one embodiment, the compliance of
roller 234 may be sufficient to rotationally bind roller 234 to hub 230. In other embodiments, an
adhesive may be used to rotationally bind roller 234 to hub 230.

[00157] A material of hub 230 may be selected to provide rigid internal support for the other
components of roller subassembly 222, as well as energy transmittance from leading sources 226
radially outward to the tool center point of head 16. In the example of Fig. 27, hub 230 is
fabricated from a clear acrylic material (e.g., an acrylic core coated with an FEP sleeve). It has
been found, however, that in some applications, the acrylic material may scatter or diffuse the
cure energy undesirably. In these applications, an alternative material may be used. For
example, as illustrated in Fig. 28, hub 230 may be fabricated from an opaque material (e.g.,
Delrin). Since the opaque material may not transmit the cure energy sufficiently, any number of
axially extending circumferential slots 246 may be distributed around hub 230 and pass from
inner surface 238 through outer surface 240. Slots 246 may facilitate the transmission of cure

energy from leading sources 226 radially outward.
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[00158] An annular gap may be present between outer annular surface 240 of hub 230 and an
inner annular surface 244 of roller 234 (e.g., located axially between flanges 242). Insert 232
may be radially compressed, placed into this gap, and released such that a radial expansion of
insert 232 biases insert 232 against inner surface 244 of roller 234. This bias may help urge any
compressed portions of roller 234 to a desired cylindrical shape.

[00159] A material of insert 232 may be selected to provide the internal biasing support for
roller 234. In the example of Fig. 27, insert 232 is fabricated from a spring steel. Since spring
steel may not transmit cure energy sufficiently, slots 248 similar to slots 246 may be distributed
around and pass radially through insert 232.

[00160] As will be explained in more detail below, any number of indexing features 250 may be
formed within insert 232 to help align slots 248 with other features of roller assembly 222. In the
disclosed example, features 250 may include one or more tabs that extend axially from a
periphery of insert 232 at one or more axial ends. It is contemplated, however, that other
indexing features known in the art (e.g., detents, catches, dogs, pawls, etc.) could be
implemented, if desired.

[00161] An exemplary roller 234 is illustrated in detail in Fig. 29. As shown in this figure,
flanges 242 may be configured to selectively compress in a radial direction (e.g., in a direction
along compression axis 228 — referring to Figs. 26) at the tool center point of head 16 during
compaction of the material discharging from head 16. For example, each flange 242 may include
an inner race 252 that is separated from an outer surface of roller 234 by an annular gap 254.

Any number of flexures 256 may extend from a tangent at inner race 252 radially through gap
254 to the annular surface of roller 234. Flexures 256 may function to bias the annular surface of
roller 234 radially outward toward a nominal annular position about a center axis of roller
assembly 222. During compaction at the tool center point against the discharging material, the
portion of the annular surface engaging the material may be pressed radially inward. This
pressing may cause flexures 256 to collapse until gap 254 is reduced or eliminated at the tool
center point.

[00162] As shown in Fig. 30, the collapse of flexures 256 may result in the flat patch 258
discussed above. Patch 258 may help to press the discharging material flat against an underlying
surface, while also facilitating separation of the material at a trailing side (e.g., relative to a

normal travel direction of head 16 represented by an arrow 259). In one embodiment, gap 254
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and the associated collapse dimension of roller 234 may be about equal to 4-5% of an outer
diameter of roller 234. This collapse dimension may result in the flat patch 258 having a length
in the travel direction of about 40-45% of the outer diameter. As discussed above, the angle y of
the leading sources 226 may be about 0-20°, such that the discharging material may be
compacted within a leading half of patch 258 and exposed to cure energy only in the trailing half.
[00163] A material of roller 234 may be selected to provide for the above-discussed flexing and
to withstand the curing environment (e.g., electromagnetic radiation generated by sources 226
and any resulting exothermic reactions), without permanently deforming. In one example, roller
234 is fabricated from silicone having a hardness of about 20-50 A-Shore (e.g., about 40 A-
Shore). To prevent undesired scattering or diffusion of cure energy, the silicone may be dyed or
coated with an energy blocking tint. To facilitate energy transmission through patch 258, slots
260 similar to slots 246 and 248 may be formed within the outer annular surface of roller 234.
[00164] In an alternative embodiment shown in Fig. 31, the silicone of roller 234 may be left
clear or at least partially transparent. In this embodiment, slots 260 may be omitted.

[00165] In one embodiment, indexing features 250 of insert 232 discussed above may interlock
with flexures 256, such that slots 246, 248 and 260 align with each other. For example, an
indexing feature 250 may pass between each pairing of adjacent flexures 256 (e.g., within gap
254).

[00166] To prevent the materials being compacted from sticking to roller 234 and/or being
disrupted by slots 260, roller 234 may be wrapped with cover 236. Cover 236 may be at least
partially transparent (e.g., about 70-99% transparent) to the energy (e.g., to light energy having a
350-450 nm wavelength, such as a wavelength of about 405 nm). Cover 236 may be fabricated
from a low-friction material (e.g., Polytetrafluoroethylene — PTFE, Fluorinated ethylene
propylene — FEP, etc.). In one example, FEP may be utilized for cover 236 due to its greater
transparency when compared with PTFE.

[00167] Because cure energy may be directed through roller subassembly 222 to the matrix-
wetted reinforcement, curing at (e.g., just before, directly over, and/or just after) the TCP may be
possible. It is contemplated that enough curing may take place to tack the reinforcement before
little, if any, movement of the reinforcement away from the TCP location has occurred. This
may improve placement accuracy of the reinforcement. It is also contemplated that the matrix

may be cured only at an outer surface (e.g., enough to tack and/or maintain a desired shape) or
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that the matrix may be through-cured via exposure to only the energy from sources 226 (in
addition to or without any extraneous environmental exposure). In some applications, however,
additional energy exposure (e.g., oven baking, autoclave heating, etc.) after completion of
structure 12 may be required.

[00168] Fig. 32 illustrates an alternative embodiment of roller 234. As shown in this
embodiment, slots 260 may be spaced further apart and oriented obliquely relative to axial and
radial directions of roller 234. It has been found that, in some applications, greater interlaminar
shear strength may be achieved when adjacent tracks of material are discharged and compressed
together while still at least partially wet. For example, when matrix at sides of the adjacent
tracks are left at least partially (e.g., substantially) uncured before compression and thereafter
cured together at the same time, a greater interlaminar shear strength may be achieved. In these
applications, the exemplary roller 234 of Fig. 32 may allow enough cure energy from sources
262 to reach the compacting material to hold the material in place, while still leaving some (e.g.,
most) of the material uncured. Fig. 33 illustrates material that has been compacted by roller 234,
the material having sections 264 that are at least partially cured (e.g., by leading sources 262) and
sections 266 that are cured to a lesser degree or that are completely uncured.

[00169] As can be seen in Fig. 32, sections 264 may make up a minor portion (e.g., less than
10%) of the discharged material. In addition, transverse edges of the material may only be cured
at points 268 that are spaced apart from each other in the length or axial direction of the
discharged reinforcements. An angle 0 of slots 260 and the corresponding sections 264 relative
to the length or axial direction of the discharged reinforcements may be selected to provide a
desired spacing between points 268 and/or a desired ratio of sections 264 to sections 266. In the
disclosed embodiment, the angle 8 may be about 30-60° (e.g., about 45°).

[00170] As shown in Figs. 34, 35, 36, 37 and 38, modules 52, 56 and 58 may be selectively
moved (e.g., at a constant rate or a variable rate related to material characteristics) to any position
between extended and retracted end positions. For example, module 52 (along with module 50 —
referring to Fig. 2) may be moved between a retracted position shown in Figs. 37 and 38 that is
farthest from module 58 and an extended position shown in Fig. 36 that is closest to module 58.
Likewise, module 56 may be moved between a retracted position shown in Figs. 34-37 that is
farthest from the reinforcement discharging from module 52 and an extended position shown in

Fig. 38 that is closest to the reinforcement. Finally, module 58 may be moved between a
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retracted position shown in Figs. 34 and 35 and an extended position shown in Figs. 36-38. In
addition, module 58 may selectively be biased within a zone (e.g., within about +/- 10 mm) about
the extended position during engagement with the discharging material based on a pressure of
module 58 against the material. It should be noted that movement (i.e., extension and retraction)
of module 58 may result in similar simultaneous motion of module 56, but that module 56 may
additionally move (i.e., extend and retract) relative to module 58.

[00171] The extensions and retractions of modules 52, 56 and 58 may be coordinated in
different ways during various operations of head 16. For example, all of modules 52, 56 and 58
may initially be in their respective retracted positions (see Fig. 34) at a start of a threading event
(e.g., just after completion of a severing event). Thereafter, module 52 (i.e., with module 50
clamped against the reinforcement) may be extended to push reinforcement protruding therefrom
to a location under module 58 (see Fig. 35). Module 58 may then be extended to contact the
protruding reinforcement (see Fig. 36) and press the reinforcement against an underlying layer
(not shown). Modules 52, 56 and 58 may remain in these positions throughout discharging of the
reinforcement.

[00172] After discharging has terminated, module 52 may be retracted away from module 58 to
provide clearance for module 56 (see Fig. 37). Module 56 may then be extended to sever the
reinforcement (see Fig. 38), and the cycle may restart at Fig. 34.

[00173] It should be noted that, when modules 52 and 58 are in their extended positions, the
reinforcement may be directed along the axis of module 52 toward module 58 at a nominal
tangent to roller 234. This may cause the reinforcement to be directed against roller 234 at times
(e.g., when roller 234 is biased 0 to +10 mm from the neutral position within its allowed zone).
[00174] Distances between the extended positions of modules 52, 56 and 58 may establish a
minimum length of reinforcement that can be discharged compacted and severed. For example,
this minimum length may be equal to a distance from mechanism 210 of module 56 to the nip
point of module 58 along the axis of module 52 (e.g., along the trajectory of the reinforcement).
In one embodiment, the minimum length may be about equal to .7-.8 (e.g., about .78) times a
diameter of roller 234, when an orthogonal offset distance between mechanism 210 and an axis
or roller 234 is about .5-.6 (e.g., about .63) times the diameter or roller 234. In other words, the
minimum length may be about equal to 1.17-1.6 (e.g., about 1.24) times the orthogonal distance.

The distance between the extended and retracted positions of module 52 (a.k.a., the feed
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distance) may be greater than the minimum length (e.g., about 2x the minimum length). The
distance between the extended and retracted positions of module 56 may be less than the
minimum length (e.g., about .25x the minimum length). In one example, module 52 may
actually extend past module 56 toward module 58 — this may reduce the feed distance to be less

than the minimum length.

Industrial Applicability

[00175] The disclosed system and print head may be used to manufacture composite structures
having any desired cross-sectional size, shape, length, density, and/or strength. The composite
structures may include any number of different reinforcements of the same or different types,
diameters, shapes, configurations, and consists, each coated with a common matrix. Operation of
system 10 will now be described in detail with reference to Figs. 1-38.

[00176] At a start of a manufacturing event, information regarding a desired structure 12 may be
loaded into system 10 (e.g., into controller 20 that is responsible for regulating operations of
support 14 and/or head 16). This information may include, among other things, a size (e.g.,
diameter, wall thickness, length, etc.), a shape, a contour (e.g., a trajectory), surface features
(e.g., ridge size, location, thickness, length; flange size, location, thickness, length; etc.) and
finishes, connection geometry (e.g., locations and sizes of couplers, tees, splices, etc.), location-
specific matrix stipulations, location-specific reinforcement stipulations, compaction
requirements, curing requirements, etc. It should be noted that this information may alternatively
or additionally be loaded into system 10 at different times and/or continuously during the
manufacturing event, if desired.

[00177] Based on the component information, one or more different reinforcements and/or
matrixes may be selectively loaded into head 16. For example, one or more supplies of
reinforcement may be loaded onto creel 19 (referring to Figs. 1-5) of module 44, and one or more
cartridges 110 of matrix may be placed into vessel 112 of module 46.

[00178] The reinforcements may then be threaded through head 16 prior to start of the
manufacturing event. Threading may include passing the reinforcement from module 44 through
guide 80, around redirects 102 of module 48, and then between rollers 146 and 152 of module 50.
The reinforcement may then pass through module 52 and be wetted with matrix. Module 52 may

then move to its extended position to place the wetted reinforcement under module 58. Module
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58 may then be extended to press the wetted reinforcement against an underlying layer. After
threading is complete, head 16 may be ready to discharge matrix-coated reinforcements.

[00179] At astart of a discharging event, cure sources 226 may be activated, module 50 may be
deactivated to release the reinforcement, and head 16 may be moved away from a point of anchor
to cause the reinforcement to be pulled out of head 16 and at least partially cured. This discharge
may continue until discharge is complete and/or until head 16 must move to another location of
discharge without discharging material during the move.

[00180] As head 16 nears an end of a discharge path, head 16 may be controlled to stop short of
a terminal point by a distance equal to the minimum length discussed above. At this location,
motion of head 16 may stop, and sources 226 may be deactivated. Module 52 may be moved to
its retracted position, module 50 may be activated to clamp the reinforcement, and module 56
may be activated and extended to sever the reinforcement. Module 56 may then be deactivated
and retracted. Sources 226 may be reactivated, and head 16 may be moved to complete the
discharge path. Head 16 may then be moved to a start location of a next discharge path, during
which time module 58 may be retracted.

[00181] In some embodiments, a pressure applied by module 58 on the discharged material may
vary during different events. For example, during a severing event, when module 58 may exert
pressure against the material at a single location for an extended period of time, a pressure of
module 58 may be reduced. This may help to avoid denting structure 12 at the severing location.
[00182] During discharge of the wetted reinforcements from head 16, module 58 may roll over
the reinforcements. A pressure applied by cover 236 may press the reinforcements against an
adjacent (e.g., underlying) layer of structure 12, thereby compacting the material. Sources 226
may remain active during material discharge from head 16 and during compacting, such that at
least a portion of the material is cured and hardened enough to remain tacked to the underlying
layer and/or to maintain its discharged shape and location. In some embodiments, a majority
(e.g., all) of the matrix may be cured by exposure to energy from source 226. It is contemplated,
however, that the sources 226 associated with roller subassembly 222 may only be active during
tacking and anchoring, and thereafter most (e.g., all) of the curing performed only by the trailing
sources 226.

[00183] It should be noted that the amount of cure energy generated by module 58 may be

variable. For example, the energy could be generated at levels that are related to other
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parameters (e.g., travel speed) of head 16. For instance, as the travel speed of head 16 increases
and the discharge rate of reinforcement from head 16 proportionally increases, the amount of
energy generated by module 58 and directed toward the discharging material may likewise
increase. This may allow a consistent unit of energy to be received by the matrix coating the
reinforcement under a range of conditions. It is also possible that a greater unit of energy may be
received during particular conditions (e.g., during anchoring, during free-space printing, at
particular geometric locations of structure 12, etc.), if desired. Each of sources 226 may be
independently activated, activated in pairs (e.g., leading or trailing sources), or activated
simultaneously in a cooperative manner.

[00184] The component information may be used to control operation of system 10. For
example, the reinforcements may be discharged from head 16 (along with the matrix), while
support 14 selectively moves head 16 in a desired manner during curing, such that an axis of the
resulting structure 12 follows a desired trajectory (e.g., a free-space, unsupported, 3-D
trajectory). In addition, module 46 may be carefully regulated by controller 20 such that the
reinforcement is wetted with a precise and desired amount of the matrix. For example, based on
signals generated by sensor 198 that are indicative of a feed rate of the reinforcement through
head 16, controller 20 may selectively increase or decrease a speed of module 46 to provide a
corresponding feed rate of matrix to module 52. In this way, regardless of the travel speed of
head 16, a desired ratio of matrix-to-reinforcement may always be maintained.

[00185] As discussed above, during payout of matrix-wetted reinforcement from head 16,
modules 44 and 48 may together function to maintain a desired level of tension within the
reinforcement. It should be noted that the level of tension could be variable, in some
applications. For example, the tension level could be lower during anchoring and/or shortly
thereafter to inhibit pulling of the reinforcement during a time when adhesion may be lower. The
tension level could be reduced in preparation for severing and/or during a time between material
discharge. Higher levels of tension may be desirable during free-space printing to increase
stability (e.g., to reduce sagging) in the discharged material. Other reasons for varying the
tension levels are also contemplated. The level of tension may be adjusted via threshold
adjustments associated with when actuator 74 is turned on/off and/or what speeds and/or torques

are applied by actuator 74 in response to signals from sensor 104.
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[00186] It will be apparent to those skilled in the art that various modifications and variations
can be made to the disclosed system and head. Other embodiments will be apparent to those
skilled in the art from consideration of the specification and practice of the disclosed system and
head. For example, while module 48 has been disclosed as capable of generating signals
indicative of tension within the reinforcement that are then used to adjust creel operation (e.g.,
payout), it is contemplated that the signals may instead be indicative of a position of module 48
at a desired constant tension level. In this example, creel 19 may be controlled to maintain a
buffer about the position of module 48, such that creel 19 may be kept at a near steady state
regardless of the motion of module 48 and payout of the reinforcement. It is intended that the
specification and examples be considered as exemplary only, with a true scope being indicated

by the following claims and their equivalents.
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Claims
What is claimed is:
1. An additive manufacturing system (10), comprising:
a support (14);
a print head (16) operatively connected to and moveable by the support, the print
head including:
a supply (19) of continuous reinforcement;
an outlet (54) configured to discharge the continuous reinforcement (R);
and

a tensioning module (48) disposed between the supply and outlet, the
tensioning module being configured to generate a signal indicative of at least one of a tension in
the continuous reinforcement and a position of the tensioner module; and

a processor (20) programmed to selectively cause the supply to dispense the

continuous reinforcement based on the signal.

2. The additive manufacturing system of claim 1, further including a wetting
module (52) configured to wet the continuous reinforcement with a matrix prior to discharge
from the outlet, wherein the tensioning module is located between the supply and the wetting

module.

3. The additive manufacturing system of claim 1, wherein the tensioning
module includes:

a swing arm (98);

at least one redirect (102) located at end of the swing arm and configured to
receive the continuous reinforcement;

a pivot (100) located away from the end of the swing arm; and

arotary sensor (104) configured to generate the signal during pivoting of the

swing arm about the pivot.

4. The additive manufacturing system of claim 3, wherein the at least one

redirect is rotationally mounted to the end of the swing arm.
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5. The additive manufacturing system of claim 3, wherein the pivot is
coincident with the at least one redirect.
6. The additive manufacturing system of claim 3, wherein:

the at least one redirect is a first redirect located at a first end of the swing arm;
and
the tensioning module includes a second redirect (102) located at a second end of

the swing arm and configured to receive the continuous reinforcement.

7. The additive manufacturing system of claim 6, wherein:
the first redirect is located upstream of the second redirect relative to travel of the
continuous reinforcement through the print head; and

the pivot is coincident with the first redirect.

8. The additive manufacturing system of claim 7, wherein the rotary sensor is

associated with the first redirect.

9. The additive manufacturing system of claim 7, further including a

counterbalance (108) mounted to the swing arm at the first end.

10.  The additive manufacturing system of claim 9, further including a spring

(106) at the first end and configured to bias the swing arm toward a low-tension position.

11. The additive manufacturing system of claim 3, further including a

counterbalance (108) mounted to the swing arm.

12. The additive manufacturing system of claim 3, further including a hard end
stop (109a) located at a first side of the swing arm and configured to limit a low-tension position

of the swing arm.

13. The additive manufacturing system of claim 12, further including a biased
end stop (109b) located at a second side of the swing arm and configured to limit a high-tension

position of the swing arm.

14. The additive manufacturing system of claim 3, further including a biased
end stop (109b) located at a first side of the swing arm and configured to limit a high-tension

position of the swing arm.
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15.  The additive manufacturing system of claim 3, further including a spring

(106) configured to bias the swing arm toward a low-tension position.



