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(54) SYSTEMS AND METHODS FOR CURE CONTROL OF ADDITIVE MANUFACTURING

(57) Systems (10) for cure control of additive manu-
facturing comprise a build volume (12), a curing energy
source (16), and a controller. The curing energy source
(16) is configured to actively deliver curing energy (18)
to discrete sections of a part (14) as it is being additively
manufactured. The controller is programmed to direct de-
livery of curing energy (18) to impart desired cure prop-

erties to the discrete sections and/or according to prede-
termined cure profiles for the discrete sections. Methods
of additively manufacturing a part (14) comprise additive-
ly building a part (14) from a feedstock material, and ac-
tively curing discrete sections of the part (14) as it is being
additively built to impart desired cure properties to the
part (14) and/or desired cure profiles to the part (14).
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Description

FIELD

[0001] The present disclosure relates to additive man-
ufacturing.

BACKGROUND

[0002] Current additive manufacturing techniques that
utilize curable feedstock materials, such as photopoly-
mers, typically provide full curing of the material as it is
being deposited by a nozzle, such as by directing a light
source directly at the outlet of the nozzle. Such tech-
niques may impact the quality of adhesion between ad-
jacent layers of material, thereby creating parts that are
prone to separation and peeling. Conversely, if too little
cure of the material is provided, parts may be created
that are prone to deformation and other undesirable prop-
erties.

SUMMARY

[0003] Disclosed systems for cure control of additive
manufacturing comprise a build volume within which a
part is additively manufactured, a curing energy source
positioned relative to the build volume and configured to
actively deliver curing energy to discrete sections of the
part as the part is being additively manufactured, and a
controller operatively coupled to the curing energy source
and configured to direct delivery of curing energy from
the curing energy source to discrete sections of the part
as the part is being additively manufactured to impart
desired cure properties to the discrete section and/or to
follow predetermined cure profiles for the discrete sec-
tions.
[0004] Disclosed methods for additively manufacturing
a part comprise additively building a part from a feedstock
material, and actively curing discrete sections of the part
as the part is being additively built to impart desired cure
properties to the part and/or to follow predetermined cure
profiles for the part.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005]

Fig. 1 is a schematic diagram representing systems
for cure control of additive manufacturing.
Fig. 2 is a chart schematically representing an ex-
ample cure profile.
Fig. 3 is a flowchart schematically representing
methods for cure control of additive manufacturing.

DESCRIPTION

[0006] Systems and methods for cure control of addi-
tive manufacturing are disclosed herein. Generally, in the

figures, elements that are likely to be included in a given
example are illustrated in solid lines, while elements that
are optional to a given example are illustrated in broken
lines. However, elements that are illustrated in solid lines
are not essential to all examples of the present disclo-
sure, and an element shown in solid lines may be omitted
from a particular example without departing from the
scope of the present disclosure.
[0007] With reference to Fig. 1, systems 10 for cure
control of additive manufacturing comprise at least a build
volume 12 within which a part 14 is additively manufac-
tured, a curing energy source 16 positioned relative to
the build volume 12 and configured to actively deliver
curing energy 18 to discrete sections of the part 14 as
the part 14 is being additively manufactured, and a con-
troller 20 operatively coupled to the curing energy source
16 and configured to direct delivery of the curing energy
18 from the curing energy source 16 to discrete sections
of the part 14 as the part 14 is being additively manufac-
tured to impart desired cure properties to the discrete
sections and/or to follow predetermined cure profiles for
the discrete sections.
[0008] As used herein, "additive manufacturing" refers
to the construction of a part from the bonding together of
sub-elements thereof from a feedstock, in which the sub-
elements become one to define the whole of the part.
Additive manufacturing is distinguished from subtractive
manufacturing (e.g., machining), in which material is re-
moved from a volume of material to construct a part. Ex-
amples of additive manufacturing include (but are not
limited to) three-dimensional (3D) printing technologies,
such as extrusion deposition, lamination, photopolymer-
ization, stereolithography, powder fed directed energy
deposition, and continuous liquid interface production.
Various feedstock materials have been used in additive
manufacturing, and any suitable feedstock materials may
be used in connection with systems 10, including, for
example, feedstocks that include one or more of thermo-
sets, and fiber reinforced composite materials, including
materials that include fiber tows and/or chopped fiber.
Systems 10 are not limited to additive manufacturing with
composite materials and any suitable type of additive
manufacturing may be used with any suitable feedstock
material. "Additive manufacturing" additionally or alter-
natively may be described as "additive building," and sim-
ilarly, "additively manufactured" additionally or alterna-
tively may be described as "additively built."
[0009] Systems 10 comprise at least one curing energy
source 16, but any suitable number of curing energy
sources 16 may be utilized, with Fig. 1 schematically in-
dicating four curing energy sources 16. Curing energy
sources 16 may take any suitable form and configuration,
such that they are configured to actively deliver curing
energy 18 to discrete sections of a part 14 as it is being
additively manufactured. By actively delivering curing en-
ergy 18 to discrete sections of a part 14, it is meant that
the curing of discrete sections of the part 14 is controlled,
as opposed to, for example, placement of the entire part
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14 in an oven or autoclave, in which the entirety of the
part 14 is subjected to the same heat and pressure. That
is, the curing energy 18 is purposefully directed at dis-
crete sections of a part 14 to impart desired cure prop-
erties to discrete sections of the part 14 and/or to follow
predetermined cure profiles for discrete sections of the
part 14. Stated differently, a curing energy source 16 is
positioned and configured to direct curing energy 18 to
a defined and specific subregion, or location, of a part 14
being additively manufactured, as opposed to an entirety
of the part 14 or to a general region or zone of the part
14. Moreover, the discrete regions targeted with curing
energy 18 need not be at a point of deposition of material,
such as via an optional nozzle 54, and the curing energy
18 may be directed to any discrete region of the part 14
as it is being additively manufactured. Accordingly, dis-
crete sections of the part 14 may be cured to different
levels, or degrees, of cure, with different periodicity or
frequency of exposure to curing energy 18, according to
distinct cure profiles, and thus resulting in distinct cure
properties. That is, at least two (but any number of) dis-
crete sections may be purposefully cured according to
different cure profiles and/or to create different cure prop-
erties. The level of cure may be controlled by the duration
and/or the intensity or strength of the curing energy 18
directed to a discrete section of the part 14, and thus by
the dose of curing energy 18 received by a discrete sec-
tion of the part 14. Additionally or alternatively, if different
discrete sections of a part 14 are constructed of distinct
materials, then different durations and/or intensities of
the curing energy 18 may be required to impart desired
cure properties to such discrete sections. Alternatively,
distinct sections of a part 14 may be cured according to
the same, or similar, desired cure profiles.
[0010] "Cure properties" as used herein may refer not
only to levels or degrees of cure, but also to such physical
properties as the hardness, strength, toughness, elastic-
ity, and ductility that result from curing discrete sections
of a part 14.
[0011] A desired "cure profile" of a discrete section of
a part 14 relates to predetermined instructions that define
boundaries and/or rates of influence or change of one or
more parameters associated with the curing of the dis-
crete section, with such parameters including one or
more of (i) total dose (i.e., the accumulated exposure) of
the curing energy 18 received by the discrete section
(e.g., energy received per unit area), (ii) the rate of
change of the dose (i.e., the dose rate, the dosage, the
flux, or the irradiance) of the curing energy 18 received
at the discrete section (e.g., power received per unit ar-
ea), (iii) the temperature of the discrete section, (iv) the
rate of temperate change of the discrete section, (v) the
pressure of the environment at the discrete section, (vi)
the rate of pressure change of the environment at the
discrete section, and (vii) the ambient moisture of the
environment at the discrete section. Cure profiles may
be described as prescriptions or recipes for the curing of
the discrete section or of a part 14 as a whole. In addition,

such parameters may be based on and/or may be deter-
mined by such localized environmental factors as tem-
perature, pressure, and ambient moisture. Additionally
or alternatively, such parameters may be based on
and/or may be determined by such part-specific proper-
ties as local part thickness, material of the part or discrete
section thereof, etc. Cure profiles may define an aspect
of a quality assurance or quality control program associ-
ated with the manufacture of parts 14. Accordingly, a part
14 may have a prescription or recipe that is predeter-
mined to result in the part 14 meeting certain quality
standards.
[0012] With reference to Fig. 2, a cure profile of a dis-
crete section of a part 14 may be bounded by a maximum
dose rate 64 of curing energy 18 received, a minimum
dose rate 66 of curing energy 18 received, a maximum
dose 68 of curing energy 18 received, and a minimum
dose 70 of curing energy 18 received. During the curing
of a discrete section of a part 14, a corresponding cure
profile is satisfied if the dose rate is at or between the
maximum dose rate 64 and the minimum dose rate 66
and if the total dose is at or between the minimum dose
70 and the maximum dose 68. Thus to satisfy the exam-
ple cure profile of Fig. 2, the dose must accumulate at a
rate between maximum dose rate 64 and minimum dose
rate 66 and the total dose must be between maximum
dose 68 and minimum dose 70. If a dose rate lower than
the minimum dose rate 66 or higher than maximum dose
rate 64 were received by a distinct section of a part 14,
then the cure profile would not satisfactorily be met, and
the quality of the part 14 would not meet the desired char-
acteristics. Similarly, if a total dose lower than minimum
dose 70 or higher than maximum dose 68 were received
by a distinct section of a part 14, then the cure profile
would not satisfactorily be met, and the quality of the part
14 would not meet the desired characteristics.
[0013] Stated differently and with continued reference
to Fig. 2, the region indicated at 74 bounds a desired
initiation of application of curing energy 18, and the region
indicated at 72 bounds a desired completion of applica-
tion of curing energy 18, with the region 72 being bound
by the predetermined parameters for the particular dis-
crete section of the part 14 being cured.
[0014] Cure profiles may be selected (i.e., predeter-
mined) to result in desired physical characteristics of a
part 14. For example, by controlling one or more of the
timing of the initiation of curing energy 18 directed to a
discrete section, the duration of curing energy 18 directed
to a discrete section, the dose of the curing energy 18
directed to a discrete section, and so forth, the timing of
cure-induced shrinkage of the curable material may be
controlled to control deformation, whether to avoid un-
desirable deformation or to purposefully introduce a de-
sired deformation to the part 14. Additionally or alterna-
tively, such parameters may be controlled to impart in-
terference fits between adjacent sections of a part 14.
Other physical properties also may be controlled.
[0015] The controller 20 facilitates the ability to impart
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different cure properties and to follow different cure pro-
files, for example, by controlling different durations of cur-
ing energy 18 and/or different intensities of curing energy
18 based on predetermined criteria to result in desired
properties of a part 14.
[0016] Different cure properties may be desirable for
various reasons. For example, the level of cure may be
controlled to facilitate subsequent work on a part 14. Sub-
sequent work additionally or alternatively may be referred
to as post-print work. For example it may be desirable to
mechanically work on a part 14 to remove material from
the part 14 (e.g., via machining), and a less cured region
may facilitate the removal of material from the less cured
region. For example it may be desirable to imbed a dis-
tinct component in the part 14, such as one or more of a
sensor, an electronic device, an actuator, a fastener, cir-
cuitry, wiring, tubing, fiber optics, a mechanical linkage,
a sub-component, etc. Accordingly, a region of a part 14
may be purposefully formed to facilitate both the removal
of material and the insertion of a distinct component.
[0017] Additionally or alternatively, in some applica-
tions, it may be desirable to form a region of the part 14
into a different shape than otherwise produced during
the additive manufacturing process, such as to conform
to an associated component to be operatively coupled
to the part 14. That is, purposefully creating a region that
is less cured, and thus for example softer, than adjacent
regions may facilitate such subsequent mechanical
working of the part 14.
[0018] Additionally or alternatively, a less cured region
of a part 14 may facilitate the subsequent attachment of
a distinct component to the less cured region. Moreover,
the distinct component may be subsequently or simulta-
neously cured together with the less cured region of the
part 14. That is, the less cured region and the distinct
component may be co-cured, resulting in a monolithic
structure, as opposed to being bonded together and be-
ing prone to separation and/or peeling, for example. Ad-
ditionally or alternatively, a less cured region of a part 14
may facilitate subsequent surface preparation to the less
cured region for the attachment of a distinct component
to the less cured region. Additionally or alternatively, a
less cured region of a part 14 may be adhered to a distinct
component. Additionally or alternatively, a surface treat-
ment may be applied to a less cured region of a part 14
to facilitate the subsequent attachment of a distinct com-
ponent to the less cured region.
[0019] The curing energy source 16 may be configured
to be able to deliver curing energy 18 to any exposed
portion of the part 14 as the part 14 is being additively
manufactured.
[0020] The systems 10 may further comprise a curing
energy source drive assembly 22 that is configured to
actively move the curing energy source 16 in three di-
mensions relative to the build volume 12. An optional
curing energy source drive assembly 22 may comprise
or be one or more of a robotic arm and a drive assembly
that facilitates movement of the curing energy source 16

in multiple degrees of freedom. The curing energy source
drive assembly 22 may be configured to move the curing
energy source 16 orthogonally in three dimensions., The
curing energy source drive assembly 22 may be config-
ured to move the curing energy source 16 in three di-
mensions with at least three degrees of freedom, with at
least six degrees of freedom, with at least nine degrees
of freedom, or with at least twelve degrees of freedom.
[0021] A curing source 16 may direct curing energy 18
of a single wavelength or may direct curing energy 18 of
multiple wavelengths depending on a specific applica-
tion, such as depending on a specific curable material
utilized by a system 10. The curing energy 18 may be
described as incoherent energy, or the curing energy 18
may be described as coherent energy. The curing energy
18 may comprise uncollimated light or, the curing energy
18 may comprise collimated light. Curing energy 18 may
be delivered with current or voltage modulation, such as
pulse width modulation, of the curing energy source 16.
[0022] A curing energy source 16 can comprise a laser
24, such as (but not limited to) an infrared laser or an
ultraviolet laser configured to emit curing energy 18 in
the form of a laser beam. The curing energy source 16
can further comprise a mirror-positioning system 26 that
is configured to actively direct a laser beam from the laser
24 to discrete sections of a part 14 as it is being additively
manufactured. Both a curing energy source drive assem-
bly 22 and a mirror-positioning system 26 may be pro-
vided, in which case the mirror-positioning system 26
may provide for better or more precise spatial control of
the laser 24 than if solely a curing energy source drive
assembly 22 were provided.
[0023] A curing energy source 16 may comprise an
electron beam source 27, such as or comprising an elec-
tron gun and/or cathode ray tube, that is configured to
emit curing energy 18 in the form of an electron beam.
The curing energy source 16 may further comprise a
magnetic steering system 29 that is configured to actively
direct an electron beam from the electron beam source
27 to discrete sections of a part 14 as it is being additively
manufactured.
[0024] A curing energy source 16 may comprise a hot
fluid supply 28, and the curing energy source 16 can be
configured to direct curing energy 18 in the form of a
stream, or jet, of hot fluid (e.g., gas or liquid) to discrete
sections of a part 14 as it is being additively manufac-
tured.
[0025] A curing energy source 16 can comprise a lamp
30. The lamp 30 may be an infrared lamp, an ultraviolet
lamp, or a full-spectrum lamp; however, any suitable
wavelength of lamp depending on the feedstock material
may be used. The curing energy source 16 may further
comprise a projector 32 (e.g., a digital light processor
(DLP) projector) that is associated with the lamp 30. The
projector 32 can be configured to direct light from the
lamp 30 to discrete sections of a part 14 as it is being
additively manufactured. Additionally or alternatively,
such a projector 32 may be configured to obscure light
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from the lamp 30 from sections of a part in which the light
is not desired to be directed. Additionally or alternatively,
the curing energy source 16 may further comprise a shut-
tering system 34 that is associated with the lamp 30, and
with the shuttering system 34 configured to selectively
direct light from the lamp 30 to discrete sections of a part
14 as it is being additively manufactured. Additionally or
alternatively, the curing energy source 16 may be con-
figured to selectively direct curing energy 18 to discrete
sections of a part 14 with pulse width modulation (PWM),
by modulating voltage of the curing energy source 16
(e.g., of a lamp 30), and/or by modulating current of the
curing energy source 16 (e.g., of a laser 24).
[0026] Other suitable curing energy sources 16 can
include (but are not limited to) those that are configured
to deliver one or more of a plasma arc, a flame, and in-
ductive heating. Additionally or alternatively, a curing en-
ergy source 16 may be configured to deliver curing en-
ergy 18 to discrete sections of a part 14 by selectively
contacting discrete sections and conducting curing en-
ergy 18 (e.g., heat) to the discrete sections. For example,
a curing energy source 16 may comprise a probe and/or
a clamp, such as that includes a resistive (or other type
of) heater.
[0027] The systems 10 may further comprise a support
bed 38 that is positioned relative to the build volume 12
and configured to support a part 14 as it is being additively
manufactured. The support bed 38 has a support surface
40, which may take any suitable form or shape, including
being planar or having contoured regions. Support bed
38 additionally or alternatively may be referred to as a
mold or as having mold characteristics, such as by de-
fining the contour of portions of a part 14 that are depos-
ited, or otherwise formed, against the support surface 40.
[0028] A curing energy source 16 may comprise the
support bed 38 and/or the support bed 38 comprises a
curing energy source 16, with the support bed 38 being
configured to actively deliver curing energy 18 to discrete
sections of a lower surface of a part 14 as it is being
additively manufactured. For example, the curing energy
source 16 may further comprise a laser or other system,
as discussed, for actively delivering curing energy 18 to
discrete sections of a part 14 that are not physically en-
gaged with the support surface 40 of a support bed 38,
and the support bed 38 may actively direct curing energy
18 to such discrete sections of the part 14 that are phys-
ically engaged with the support surface 40.
[0029] Additionally or alternatively, a curing energy
source 16 may comprise a laser 24, a lamp 30, and/or
an electron beam source 27, the support bed 38 may be
transparent to the curing energy 18, and the curing en-
ergy source 16 (e.g., the laser 24, the lamp 30, and/or
the electron beam source 27) may be configured to ac-
tively deliver curing energy 18 through the support bed
38 to discrete sections of a lower surface of a part 14 as
it is being additively manufactured.
[0030] When a curing energy source 16 comprises a
lamp 30, the support bed 38 may be configured to actively

mask a lower surface of a part 14 as it is being additively
manufactured to actively direct light from the lamp 30 to
discrete sections of the lower surface of the part 14 as it
is being additively manufactured. For example, the sup-
port bed 38 may comprise a liquid crystal display (LCD).
[0031] Additionally or alternatively, the support bed 38
may comprise embedded heaters 42, , in the form of re-
sistive heaters that are arranged in a two-dimensional
array or grid, as schematically represented in Fig. 1. Ac-
cordingly, the heaters 42 may be selectively activated
and deactivated to direct curing energy 18 in the form of
heat at discrete sections of a lower surface of a part 14
as it is being additively manufactured.
[0032] As mentioned, predetermined cure profiles, and
ultimately desired cure properties, may be based in part
on such parameters as the temperature of a discrete sec-
tion of the part 14. Accordingly, the systems 10 may fur-
ther comprise one or more thermal sensors 44 that are
positioned relative to the build volume 12 and that are
configured to acquire thermal data associated with a part
14 as it is being additively manufactured. Fig. 1 schemat-
ically and optionally illustrates one thermal sensor 44,
but any suitable number of thermal sensors 44 may be
provided, including more than one thermal sensor 44.
When one or more thermal sensors 44 are included in a
system 10, the controller 20 is operatively coupled to the
thermal sensor(s) 44 and may be configured to direct
delivery of curing energy 18 from a curing energy source
16 to discrete sections of a part 14 based at least in part
on the thermal data. In other words, the active controlling
of the delivery of curing energy 18 may be based on real-
time thermal data acquired via the one or more thermal
sensors 44.
[0033] Additionally or alternatively, in the systems 10,
the controller 20 may be configured to direct delivery of
curing energy 18 from a curing energy source 16 to dis-
crete sections of a part 14 based at least in part on pre-
dicted thermal characteristics of the part 14 as it is being
additively manufactured. Examples of thermal character-
istics include temperatures at discrete locations of the
part 14, optionally surface temperatures and optionally
internal temperatures. The active direction of curing en-
ergy 18 from a curing energy source 16 controlled by the
controller 20 may rely, at least in part, on mathematical
calculations that predict thermal characteristics of a part
14 as it is being additively manufactured. For example,
the predicted thermal characteristics may be based on
one or more of properties associated with a feedstock
material used to create a part 14, a timing of creation of
discrete sections of a part 14, environmental conditions
within the build volume 12, thermal data (optionally in-
complete) acquired by an optional thermal sensor 44,
and other process parameters such as a temperature
associated with a nozzle 54, and the active direction of
curing energy 18 may be based on such predictions to
direct one or more of the location of curing energy, the
intensity of curing energy, the duration of curing energy,
etc.
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[0034] Additionally or alternatively, the systems 10
may further be configured to direct heat to discrete sec-
tions of a part 14 as it is being additively manufactured,
such as to impart desired physical properties to the part
14. Examples of compatible heat-based systems that
may be combined with systems 10 herein are disclosed
in U.S. Patent Application No. 15/346,537.
[0035] Additionally or alternative and as schematically
and optionally illustrated in Fig. 1, the systems 10 may
further comprise a cooling system 48 that is positioned
relative to the build volume 12 and that is configured to
actively withdraw heat from discrete sections of a part 14
as it is being additively manufactured to impart desired
cure properties to the discrete sections and/or to follow
predetermined cure profiles of the discrete sections. In
the systems 10, the controller 20 can be operatively cou-
pled to the cooling system 48 and is configured to direct
withdrawal of heat from discrete sections of a part 14 as
it is being additively manufactured.
[0036] As schematically and optionally represented in
Fig. 1, the optional cooling system 48 may comprise a
supply 50 of pressurized fluid (e.g., gas or liquid), with
the cooling system 48 being configured to actively deliver
a stream, or jet, 52 of the pressurized fluid to actively
withdraw heat from discrete sections of a part 14 as it is
being additively manufactured. Examples of suitable flu-
ids include (but are not limited to) refrigerated fluids and
cryogenic fluids. Additionally or alternatively, an evapo-
rative cooling fluid stream or mist may be directed to dis-
crete regions of a part 14 by a cooling system 48.
[0037] Additionally or alternatively, an optional cooling
system 48 may be configured to selectively contact dis-
crete regions of a part 14 to withdraw heat therefrom. In
some such examples, the cooling system 48 comprises
a probe and/or a clamp, and may be described as a heat
sink and/or may include heat sink structures, such as
cooling fins and the like.
[0038] Additionally or alternatively, in the systems 10,
a cooling system 48 may comprise an optional support
bed 38 and/or an optional support bed 38 may comprise
a cooling system 48. For example, in the systems 10, the
support bed 38 may be configured to actively withdraw
heat from a lower surface of a part 14 as it is being ad-
ditively manufactured. As an illustrative, non-exclusive
example, a support bed 38 may comprise cooling coils
or lines that carry a fluid flow and that may be selectively
controlled by controller 20.
[0039] As mentioned, systems 10 may utilize and/or
be configured for use with any suitable type of additive
manufacturing techniques. In Fig. 1, system 10 is sche-
matically illustrated as optionally further comprising a
nozzle 54 positioned relative to the build volume 12 and
that is configured to deliver a material from a feedstock
source 56 to the build volume 12 to additively manufac-
ture a part 14. Such a system 10 may be described as
comprising a deposition system 58 that is configured to
deliver a feedstock material to the build volume 12 to
additively manufacture a part 14.

[0040] The systems 10 may further comprise at least
a second curing energy source 16 that is associated with
the nozzle 54, as schematically indicated at 62 in Fig. 1
and referred to herein as a curing energy source 62.
When present, curing energy source 62 may direct or
otherwise impart curing energy directly to material as it
is being dispensed from the nozzle 54. In the systems
10, such curing energy may only partially cure the mate-
rial, such that as a part 14 is being additively manufac-
tured, the material is deposited in a partially cured state,
with other curing energy sources 16 then being used to
direct curing energy 18 to discrete sections of the part
14 to impart desired cure properties and/or to follow pre-
determined cure profiles.
[0041] The systems 10 may further comprise an envi-
ronmental enclosure 60 with at least the build volume 12
being positioned within the environmental enclosure 60.
Other components such as the controller 20 may be po-
sitioned external of, or at least partially external of, the
environmental enclosure 60, when present. Environmen-
tal enclosures 60 may include one or more of (but are
not limited to) autoclaves, ovens, pressure chambers,
vacuum chambers, inert gas chambers, environmental
bags, tents, or boxes, and light exposure chambers.
[0042] Controller 20 may be any suitable device or de-
vices (i.e., machines) that are configured and/or pro-
grammed to perform the functions of the controller 20
discussed herein. For example, the controller 20 may
include one or more of an electronic controller, a dedi-
cated controller, a special-purpose controller, a personal
computer, a special-purpose computer, a display device,
a logic device, a memory device, and/or a memory device
having non-transitory computer readable storage media
suitable for storing computer-executable instructions for
implementing aspects of systems 10 and/or methods dis-
closed herein.
[0043] Additionally or alternatively, the controller 20
may include, and/or be configured to read, non-transitory
computer readable storage media, or memory, suitable
for storing computer-executable instructions, or soft-
ware, for implementing methods or steps of methods ac-
cording to the present disclosure. Examples of such me-
dia include CD-ROMs, disks, hard drives, flash memory,
etc. As used herein, storage, or memory, devices and
media having computer-executable instructions as well
as computer-implemented methods and other methods
according to the present disclosure are considered to be
within the scope of subject matter deemed patentable in
accordance with Section 101 of Title 35 of the United
States Code.
[0044] In Fig. 1, communication between controller 20
and various component parts of system 10 is schemati-
cally represented by lightning bolts. Such communication
may be wired and/or wireless in nature.
[0045] Turning now to Fig. 3, methods 100 for addi-
tively manufacturing a part are schematically represent-
ed. Methods 100 may (but are not required to) be imple-
mented, or performed, by a system 10. Methods 100
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comprise at least the steps of additively building 102 a
part from a feedstock material and actively curing 104
discrete sections of the part as it is being additively built
to impart desired cure properties and/or to follow prede-
termined cure profiles for the part. By actively curing dis-
crete sections of a part as it is being additively built, the
discrete sections may be cured at different and desired
rates, as opposed to, for example, curing an entire part
within an oven or autoclave, in which the entirety of the
part is subjected to the same heat and pressure.
[0046] The actively curing 104 may be performed for
a variety of reasons and may result in a variety of cure
properties, including physical characteristics, of a part as
it is being additively built. The actively curing 104 may
comprise curing discrete sections of the part to different
levels of cure or with different rates of cure. For example,
the actively curing 104 may comprise curing a first dis-
crete section to a first level of cure and curing a second
discrete section to a second level of cure, with the first
level of cure being greater than the second level of cure.
The level of cure may be controlled by controlling one or
more of the intensity of curing energy, the duration of
exposure of the curing energy, and/or the periodicity or
frequency of the curing energy directed to a discrete sec-
tion of a part. Additionally or alternatively, if different dis-
crete sections of a part are constructed of distinct mate-
rials, then different durations and/or intensities of curing
energy may be required to impart desired cure properties
to such discrete sections. Additionally or alternatively,
the actively curing 104 may comprise curing a first dis-
crete section according to a first cure profile and curing
a second discrete section according to a second cure
profile, with the second cure profile differing from the first
cure profile.
[0047] The actively curing 104 may result in a select
discrete section of a part 14 being configured for subse-
quent work on the select discrete section. The methods
100 may thus further comprise subsequent to the actively
curing 104, mechanically working 106 on the select dis-
crete section, as schematically and optionally indicated
in Fig. 3. The mechanically working 106 can comprise
imbedding a distinct component in the part. For example,
the distinct component may be one or more of a sensor,
an electronic device, an actuator, a fastener, wiring, cir-
cuitry, tubing, fiber optics, a mechanical linkage, and a
sub-component. Additionally or alternatively, the me-
chanically working 106 may comprise removing material
from the part, such as preceding the imbedding of a dis-
tinct component.
[0048] Methods 100 may further comprise subsequent
to the actively curing 104, operatively coupling 108 a dis-
tinct component to the select discrete section of the part.
The operatively coupling 108 can comprise curing togeth-
er the distinct component and the select discrete section
of the part. The subsequent curing together may be a
distinct curing step, such as performed by more tradition-
al curing in an autoclave or oven. The subsequent curing
may be performed in conjunction with the actively curing

104 of a method 100. That is, the actively curing 104 may
be repeated in connection with the operatively coupling
and curing together of a distinct component to the select
discrete section of the part 14.
[0049] The methods may further comprise actively
cooling discrete sections of a part as it is being additively
built to facilitate the actively curing 104. For example, it
may be desirable to retard curing to result in desired cure
properties and/or to follow predetermined cure profiles.
As an illustrative, non-exclusive example, when an exo-
therming resin is used to additively build a part, actively
cooling may be required to result in desired cure proper-
ties and/or to follow predetermined cure profiles of dis-
tinct sections of a part.
[0050] Method 100 can be performed within an envi-
ronmental enclosure, such as an environmental enclo-
sure that comprises one or more of an autoclave, an ov-
en, a pressure chamber, a vacuum chamber, inert gas
chambers, environmental bags, tents, or boxes, and light
exposure chambers.
[0051] Illustrative, non-exclusive examples of inven-
tive subject matter according to the present disclosure
are described in the following enumerated paragraphs:

A. A system for cure control of additive manufactur-
ing, the system comprising:

a build volume within which a part is additively
manufactured;
a curing energy source positioned relative to the
build volume and configured to actively deliver
curing energy to discrete sections of the part as
the part is being additively manufactured; and
a controller operatively coupled to the curing en-
ergy source and programmed to direct delivery
of curing energy from the curing energy source
to discrete sections of the part as the part is be-
ing additively manufactured (i) to impart desired
cure properties to the discrete sections and/or
(ii) according to predetermined cure profiles for
the discrete sections.

A1. The system of paragraph A, wherein the curing
energy source is configured to be able to deliver cur-
ing energy to any exposed portion of the part as the
part is being additively manufactured.
A2. The system of any of paragraphs A-A1, further
comprising:

a curing energy source drive assembly config-
ured to actively move the curing energy source
in three dimensions relative to the build volume.

A3. The system of any of paragraphs A-A2, wherein
the curing energy source comprises a laser, option-
ally an ultraviolet laser.
A3.1. The system of paragraph A3, wherein the cur-
ing energy source further comprises a mirror-posi-
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tioning system configured to actively direct a laser
beam from the laser to discrete sections of the part
as the part is being additively manufactured.
A4. The system of any of paragraphs A-A3.1, where-
in the curing energy source comprises an electron
beam source.
A4.1. The system of paragraph A4, wherein the cur-
ing energy source further comprises a magnetic
steering system configured to actively direct an elec-
tron beam from the electron beam source to discrete
sections of the part as the part is being additively
manufactured.
A5. The system of any of paragraphs A-A4.1, where-
in the curing energy source comprises a lamp, op-
tionally an ultraviolet lamp.
A5.1. The system of paragraph A5, wherein the cur-
ing energy source further comprises a projector as-
sociated with the lamp, wherein the projector is con-
figured to direct light from the lamp to discrete sec-
tions of the part as the part is being additively man-
ufactured.
A5.2. The system of paragraph A5, wherein the cur-
ing energy source further comprises a shuttering
system associated with the lamp, wherein the shut-
tering system is configured to selectively direct light
from the lamp to discrete sections of the part as the
part is being additively manufactured.
A6. The system of any of paragraphs A-A5.2, further
comprising:

a support bed positioned relative to the build vol-
ume and configured to support the part as the
part is being additively manufactured.

A6.1. The system of paragraph A6, wherein the cur-
ing energy source comprises the support bed, and
wherein the support bed is configured to actively de-
liver curing energy to discrete sections of a lower
surface of the part as the part is being additively man-
ufactured.
A6.2. The system of any of paragraphs A6-A6.1,
wherein the support bed is transparent to the curing
energy, and wherein the curing energy source is con-
figured to actively deliver curing energy through the
support bed to discrete sections of a lower surface
of the part as the part is being additively manufac-
tured.
A6.3. The system of any of paragraphs A6-A6.2,
wherein the support bed is configured to actively
mask a lower surface of the part as the part is being
additively manufactured to actively direct curing en-
ergy to discrete sections of the lower surface of the
part as the part is being additively manufactured.
A7. The system of any of paragraphs A-A6.3, where-
in the curing energy source comprises two or more
curing energy sources.
A8. The system of any of paragraphs A-A7, further
comprising:

a deposition system positioned relative to the
build volume, wherein the deposition system is
configured to deliver a feedstock material to the
build volume to additively manufacture the part.

A9. The system of any of paragraphs A-A8, further
comprising:

an environmental enclosure, wherein at least
the build volume is positioned within the envi-
ronmental enclosure, optionally wherein the en-
vironmental enclosure comprises one or more
of an autoclave, an oven, a pressure chamber,
a vacuum chamber, inert gas chambers, envi-
ronmental bags, tents, or boxes, and light expo-
sure chambers.

A10. The system of any of paragraphs A-A9, wherein
the system is configured to perform the method of
any of paragraphs B-B5.
A11. The use of the system of any of paragraphs A-
A10 to additively manufacture the part.
A12. The use of the system of any of paragraphs A-
A10 to additively manufacture the part with desired
cure properties and/or according to predetermined
cure profiles.
A13. The use of the system of any of paragraphs A-
A10 to additively manufacture the part with distinct
sections of the part having different levels of cure.
A14. The use of the system of any of paragraphs A-
A10 to facilitate subsequent work on the part.
B. A method of additively manufacturing a part, the
method comprising:

additively building a part from a feedstock ma-
terial; and
actively curing discrete sections of the part as
the part is being additively built (i) to impart de-
sired cure properties to the part and/or (ii) ac-
cording to predetermined cure profiles for dis-
crete sections of the part.

B1. The method of paragraph B, wherein the actively
curing comprises curing discrete sections of the part
(i) to different levels of cure and/or (ii) according to
distinct predetermined cure profiles.
B2. The method of any of paragraphs B-B1, wherein
the actively curing comprises curing a first discrete
section to a first level of cure and curing a second
discrete section to a second level of cure, wherein
the first level of cure is greater than the second level
of cure.
B3. The method of any of paragraphs B-B2, wherein
the actively curing comprises curing a first discrete
section according to a first cure profile and curing a
second discrete section according to a second cure
profile, wherein the second cure profile differs from
the first cure profile.
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B4. The method of any of paragraphs B-B3, wherein
the actively curing results in a select discrete section
of the part being configured for subsequent work on
the select discrete section.
B4.1. The method of paragraph B4, further compris-
ing:

subsequent to the actively curing, mechanically
working on the select discrete section.

B4.1.1.The method of paragraph B4.1, wherein the
mechanically working comprises imbedding a dis-
tinct component in the part, optionally wherein the
distinct component is one or more of a sensor, an
electronic device, an actuator, a fastener, wiring, cir-
cuitry, tubing, fiber optics, a mechanical linkage, and
a sub-component.
B4.2. The method of any of paragraphs B4-B4.1, fur-
ther comprising:

subsequent to the actively curing, operatively
coupling a distinct component to the select dis-
crete section of the part.

B4.2.1. The method of paragraph B4.2, wherein the
operatively coupling comprises curing together the
distinct component and the select discrete section
of the part.
B5. The method of any of paragraphs B-B4.2.1,
wherein the method is performed within an environ-
mental enclosure, optionally wherein the environ-
mental enclosure comprises one or more of an auto-
clave, an oven, a pressure chamber, a vacuum
chamber, an inert gas chamber, an environmental
bag, tent, or box, and a light exposure chamber.
B6. The method of any of paragraphs B-B4, wherein
the method is performed by the system of any of
paragraphs A-A10.

[0052] As used herein, the terms "adapted" and "con-
figured" mean that the element, component, or other sub-
ject matter is designed and/or intended to perform a given
function. Thus, the use of the terms "adapted" and "con-
figured" should not be construed to mean that a given
element, component, or other subject matter is simply
"capable of" performing a given function but that the el-
ement, component, and/or other subject matter is spe-
cifically selected, created, implemented, utilized, pro-
grammed, and/or designed for the purpose of performing
the function. It is also within the scope of the present
disclosure that elements, components, and/or other re-
cited subject matter that is recited as being adapted to
perform a particular function may additionally or alterna-
tively be described as being configured to perform that
function, and vice versa. Similarly, subject matter that is
recited as being configured to perform a particular func-
tion may additionally or alternatively be described as be-
ing operative to perform that function.

[0053] The various disclosed elements of systems and
steps of methods disclosed herein are not required to all
systems and methods according to the present disclo-
sure, and the present disclosure includes all novel and
non-obvious combinations and subcombinations of the
various elements and steps disclosed herein. Moreover,
one or more of the various elements and steps disclosed
herein may define independent inventive subject matter
that is separate and apart from the whole of a disclosed
system or method. Accordingly, such inventive subject
matter is not required to be associated with the specific
systems and methods that are expressly disclosed here-
in, and such inventive subject matter may find utility in
systems and/or methods that are not expressly disclosed
herein.

Claims

1. A method (100) of additively manufacturing a part
(14), the method comprising:

additively (102) building a part (14) from a feed-
stock material; and
actively (104) curing discrete sections of the part
(14) as the part (14) is being additively built ac-
cording to predetermined cure profiles for dis-
crete sections of the part (14).

2. The method (100) of claim 1, wherein the actively
curing (104) comprises curing discrete sections of
the part (14) to different levels of cure.

3. The method (100) of any of claims 1 to 2, wherein
the actively curing (104) comprises curing a first dis-
crete section to a first level of cure and curing a sec-
ond discrete section to a second level of cure, where-
in the first level of cure is greater than the second
level of cure.

4. The method (100) of any of claims 1 to 3, wherein
the actively curing comprises curing a first discrete
section according to a first cure profile and curing a
second discrete section according to a second cure
profile, wherein the second cure profile differs from
the first cure profile.

5. The method (100) of any of claims 1 to 4, wherein
the actively curing (104) results in a select discrete
section of the part (14) being configured for subse-
quent work on the select discrete section.

6. The method (100) of any of claims 1 to 5, further
comprising:

subsequent to the actively curing, mechanically
working (106) on the select discrete section.
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7. The method (100) of any of claims 1 to 6, wherein
the mechanically working (106) comprises imbed-
ding a distinct component in the part (14), optionally
wherein the distinct component is one or more of a
sensor, an electronic device, an actuator, a fastener,
wiring, circuitry, tubing, fiber optics, a mechanical
linkage, and a sub-component.

8. The method 100 of any of claims 1 to 7, further com-
prising:

subsequent to the actively curing, operatively
coupling (108) a distinct component to the select
discrete section of the part (14).

9. The method (100) of any of claims 1 to 8, wherein
the operatively coupling (108) comprises curing to-
gether the distinct component and the select discrete
section of the part (14).

10. The method (100) of any of claims 1 to 9, wherein
the method (100) is performed within an environmen-
tal enclosure (60), wherein the environmental enclo-
sure (60) comprises one or more of an autoclave, an
oven, a pressure chamber, a vacuum chamber, an
inert gas chamber, an environmental bag, tent, or
box, and a light exposure chamber.

11. A system (10) for cure control of additive manufac-
turing, the system (10) comprising:

a build volume (12) within which a part (14) is
additively manufactured;
a curing energy source (16) positioned relative
to the build volume (12) and configured to ac-
tively deliver curing energy (18) to discrete sec-
tions of the part (14) as the part (14) is being
additively manufactured; and
a controller operatively coupled to the curing en-
ergy source (16) and programmed to direct de-
livery of curing energy (18) from the curing en-
ergy source (16) to discrete sections of the part
(14) as the part (14) is being additively manu-
factured according to predetermined cure pro-
files for the discrete sections.

12. The system (10) of claim 11, wherein the curing en-
ergy source (16) is configured to be able to deliver
curing energy (18) to any exposed portion of the part
(14) as the part (14) is being additively manufac-
tured.

13. The system (10) of any of claims 11 to 12, further
comprising:

a curing energy source drive assembly (22) con-
figured to actively move the curing energy
source (16) in three dimensions relative to the

build volume (12).

14. The system (10) of any of claims 11 to 13, wherein
the curing energy source (16) comprises a laser (24),
an electron beam source (27), or a lamp (30).

15. The system (10) of any of claims 11 to 14, wherein
the curing energy source (16) further comprises a
mirror-positioning system (26) configured to actively
direct a laser beam from the laser (24) to discrete
sections of the part (14) as the part (14) is being
additively manufactured.
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