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(57) Abstract: A three-dimensional printing apparatus for manufacturing a three- dimensional object includes a controller comprising a
signal generator and a three-dimensional printer. The three-dimensional printer includes a print head, a three-dimensional object carrier,
and an electrical field applicator. The electrical field applicator is disposed on an end of the print head. The controller is in communication
with the print head, part carrier, and electrical field applicator. The three dimensional printer builds the three-dimensional object onto the
three- dimensional object carrier. The signal generator outputs a signal to the electrical tield applicator and the electrical field applicator
generates an electrical field incident to the three-dimensional object on three-dimensional object carrier.
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THREE DIMENSIONAL PRINTER APPARATUS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is a U.S. nonprovisional application which
claims the benefit of the U.S. Provisional Application No. 62/416,890 filed
November 3, 2016, the entire disclosure of which is hereby incorporated herein
by reference.

FIELD

[0002] The present disclosure relates generally to an apparatus and
system for heating polymer composites for enhanced bonding of 3D printed
parts.

BACKGROUND

[0003] The statements in this section merely provide background
information related to the present disclosure and may or may not constitute prior
art.

[0004] Three Dimensional Printing or Additive Manufacturing
represents several processes for creating three dimensional objects from a digital
CAD design model. A three dimensional printed part is formed by stacking
several two dimensional layers of material such that the end result is an object
having length, width, and height. In several of the processes, materials used to
form the objects can range from metal to thermoplastic and composite.
However, while these processes are capable of quickly producing intricate parts
including great detail, the current processes seem capable of producing objects
having only very limited purposes. Such purposes include prototype parts,
novelty objects, demonstration parts or assemblies, or parts having other light
duty purposes. This limited use is mainly due to the ability of the additive
assembly processes to produce parts having high cohesive strength between
several two dimensional layers of the printed part.

[0005] Some process improvements include attempts to increase

the cohesive strength between the layers of the three dimensional printed object.
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These attempts include in-process and post-process steps that involve different
methods of heating the printed object such that the layers soften or even melt to
promote cross-solidification or crystallization between the layers. However,
heating the entire three dimensional part either in-process or post-process may
result in distortion of the part through sagging and lingering residual stresses,
among other defects.

[0006] While current three dimensional printers and processes
achieve their intended purpose, there is a need for an improved three
dimensional printer and process for providing parts for an increasing array of
applications requiring improved strength, dimensional capability, and multi-

functional purposes.

SUMMARY

[0007] Other aspects and advantages of the invention will be
explained in further detail by reference to the following description and appended
drawings.

[0008] A three-dimensional printing apparatus for manufacturing a
three-dimensional object is provided. The three-dimensional printing apparatus
includes a controller comprising a signal generator and a three-dimensional
printer. The three-dimensional printer includes a print head, a three-dimensional
object carrier, and an electrical field applicator. The electrical field applicator is
disposed on an end of the print head. The controller is in communication with the
print head, part carrier, and electrical field applicator. The three dimensional
printer builds the three-dimensional object onto the three-dimensional object
carrier. The signal generator outputs a signal to the electrical field applicator and
the electrical field applicator generates an electrical field incident to the three-
dimensional object on three-dimensional object carrier.

[0009] In one example of the present invention, the signal output to
the electrical field applicator comprises a radio frequency (RF) signal.

[0010] In another example of the present invention, the RF signal

comprises a frequency of less than approximately 433.92MHz.
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[0011] In yet another example of the present invention, the RF
signal comprises a frequency of less than approximately 915MHz.

[0012] In yet another example of the present invention, the
electrical field applicator comprises a first and a second plurality of electrodes.
Each electrode of the first plurality of electrode alternate with each of the
electrodes of the second plurality of electrodes.

[0013] In yet another example of the present invention, the first
plurality of electrodes of the electrical field applicator are connected to the signal
generator and the second plurality of electrodes are grounded.

[0014] In yet another example of the present invention, the
electrical field applicator is a disc and the first plurality of electrodes is concentric
with the second plurality of electrodes.

[0015] In yet another example of the present invention, the
electrical field applicator is an elongated plate. The first plurality of electrodes is
connected to a first bus bar strip. The second plurality of electrodes is connected
to a second bus bar strip. The first bus bar strip is connected to the signal
generator. The second bus bar strip is connected to the ground.

[0016] In yet another example of the present invention, the three-

dimensional object carrier is electrically grounded.

DRAWINGS

[0017] The drawings described herein are for illustration purposes
only and are not intended to limit the scope of the present disclosure in any way.

[0018] FIG. 1A depicts a three dimensional printing apparatus for
performing a three dimensional printing process according to the principles of the
present invention;

[0019] FIG. 1B depicts a three dimensional printing apparatus for
performing a three dimensional printing process according to the principles of the
present invention;

[0020] FIG. 2 is a side view of an apparatus used in a method of

three dimensional printing according to the principles of the present invention;
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[0021] FIG. 3A is a top view of an apparatus used in a method of
three dimensional printing according to the principles of the present invention;

[0022] FIG. 3B is a side view of an apparatus used in a method of
three dimensional printing according to the principles of the present invention;

[0023] FIG. 3C is a perspective view of an apparatus used in a
method of three dimensional printing according to the principles of the present
invention;

[0024] FIG. 4A is a cross-section view of an apparatus used in a
method of three dimensional printing according to the principles of the present
invention;

[0025] FIGS. 4B-4C are perspective views of an apparatus used in
a method of three dimensional printing according to the principles of the present
invention; and

[0026] FIGS. 5A-5D are schematic views of an apparatus used in a
method of three dimensional printing according to the principles of the present
invention.

[0027] FIG. 6 is a cross-section view of an apparatus used in a
method of three dimensional printing according to the principles of the present
invention;

[0028] FIG. 7 is a cross-section view of an apparatus used in a
method of three dimensional printing according to the principles of the present
invention; and

[0029] FIG. 8 is a perspective view of an induction coil used in a
method of three dimensional printing according to the principles of the present

invention.

DETAILED DESCRIPTION
[0030] The following description is merely exemplary in nature and
is not intended to limit the present disclosure, application, or uses.
[0031] Referring to FIG. 1A, a schematic of a three dimensional

printing apparatus 10 is illustrated and will now be described. The three
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dimensional printing apparatus 10 includes a three dimensional printer 20, and
an electric field applicator apparatus 30, and a controller 40. More particularly,
the three dimensional printer 20 includes a printing head 22, a three-dimensional
object or part carrier 24, a supporting structure such as a Cartesian gantry, and a
delta-style structure or a robotic arm 29 that supports the print head 22. A three
dimensional object or part 26 is initiated and built upon the part carrier 24 as a
filament 28 passes through the print head 22, softens or melts in the print head
22, and is deposited on the part carrier 24 or a previous layer of the three
dimensional part 26. One of or both the print head 22 and the part carrier 24 are
capable of movement in the X, y, and z directions, or a combination of these
directions composing circular or curved patterns, for depositing the softened or
melted filament onto the previous layers of the three dimensional part 26.

[0032] The electrical field applicator apparatus 30 includes an
electrical field applicator 32 and the part carrier 24. After the three dimensional
part 26 is at least partially completed, the electrical field applicator moves over
the three dimensional part or otherwise in sufficiently close proximity to the three
dimensional part 26 placing three dimensional part 26 under or incident within the
electrical field created by applicator 32 which will be described in further detall
below.

[0033] The controller 40 is preferably an electronic control device
having a preprogrammed digital computer or processor, control logic, memory
used to store data, and at least one I/O peripheral. The control logic includes a
plurality of logic routines for monitoring, manipulating, and generating data. The
controller 40 controls the operation the three dimensional printer 20 and the
electrical field applicator apparatus 30. The control logic may be implemented in
hardware, software, or a combination of hardware and software. For example,
control logic may be in the form of program code that is stored on the electronic
memory storage and executable by the processor. The controller 40 provides
control signals, generated by a CAD model data program, to the gantry 29, print

head 22 and part carrier 24 thus producing the three dimensional part 26.
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[0034] A further feature of the controller 40 is a signal generator 42
that outputs a signal to the electrical field applicator 32. The signal generator 42
preferably provides an RF frequency signal of less than approximately
433.92MHz or 915MHz. These frequencies provide a signal that is 69.1 cm and
32.8 cm in wavelength respectively. When a longer wavelength is selected, the
selected electric field applicator 32 may be operated in an electrically small
mode. In this manner, the selected electrical applicator 32 has characteristic
dimensions less than or equal to approximately one-eighth of the wavelength
shaping the electric field. When operated in this electrically small mode,
resonant nodes in the form of standing waves are suppressed or eliminated
resulting in a more uniform heating of the three dimensional part 26.

[0035] Referring now to FIG. 1B, another example of the present
invention is illustrated and will now be described. The three dimensional printing
apparatus 100 includes a three dimensional printer 120 and a controller 140.
Specific to this example, the three dimensional printer includes a print head 122,
a part carrier 124 and an electrical field applicator 132. Proceeding in common
with the example shown in FIG. 1A, a three dimensional part 126 is initiated and
built upon the part carrier 124 as a filament 128 passes through the print head
122, softens or melts in the print head 122, and is deposited on the part carrier
124 or a previous layer of the three dimensional part 126. One of or both the
print head 122 and the part carrier 124 are capable of movement in the x, y, and
z directions, or a combination of these directions for composing circular or curved
patterns for depositing the filament 128 onto the previous layers of the three
dimensional part 126. As stated, the electrical field generator 132 is contained in
the three dimensional printer 120. In one example, the electrical field generator
132 is attached to the print head 122 in the form of an electrical field generator
print head 134. In another example, the electrical field generator 132 is attached
to the part carrier 124 in the form of an electrical field generator part carrier 136.
In one example of the electrical field generator 132, the electrical field generator
print head 134 and the electrical field generator part carrier 136 can be contained

within the three dimensional printer 120 without departing from the scope of the
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invention. More details of each of the electrical field generator print head 134
and the electrical field generator part carrier 136 are provided below.

[0036] As with the controller 40 shown in FIG. 1A, the controller 140
of FIG. 1B is preferably an electronic control device having a preprogrammed
digital computer or processor, control logic, memory used to store data, and at
least one I/O peripheral. The control logic includes a plurality of logic routines for
monitoring, manipulating, and generating data. The controller 140 controls the
operation of the three dimensional printer 120. The control logic may be
implemented in hardware, software, or a combination of hardware and software.
For example, control logic may be in the form of program code that is stored on
the electronic memory storage and executable by the processor. The controller
140 provides control signals, generated by a CAD model data program, to the
gantry 29, print head 122 and part carrier 124 thus producing the three
dimensional part 126.

[0037] A further feature of the controller 140 is a signal generator
142 that outputs a signal to the electrical field applicator 132. The signal
generator 142 preferably provides an RF frequency signal of less than
approximately 433.92MHz or 915MHz. These frequencies provide a signal that
is 69.1 cm and 32.8 cm in wavelength respectively. When a longer wavelength is
selected, the selected electric field applicator 132 may be operated in an
electrically small mode. In this manner, the selected electrical applicator 132 has
characteristic dimensions less than or equal to approximately one-eighth of the
wavelength shaping the electric field. When operated in this electrically small
mode, resonant nodes in the form of standing waves are suppressed or
eliminated resulting in a more uniform heating of the three dimensional part 126.

[0038] Turning now to FIG. 2, a more detailed version of the
electrical field applicator 132 of FIG. 1B is illustrated and will now be described.
The electrical field applicator 132 of the three dimensional printer 120 includes an
upper plate 134 disposed parallel to a lower plate 136. More particularly, the
upper plate 134 is integrated with the print head 122 or other member of the

three dimensional printer 120. The lower plate 136 is mounted to or integrated
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with the part carrier 124. Preferably, the lower plate 136 is a grounded,
conductive plate while the signal generator 142 of the controller 140 provides a
high voltage potential to the upper plate 134. Thus, the resulting RF signal 150
generated between the upper and lower plates 134, 136 penetrates the three
dimensional part 126.

[0039] Turning now to FIGS. 3A-3C, another example of the
electrical field applicator is illustrated and will now be described. The electrical
field applicator 332 includes a first and second bus bar strip 334, 336 extending
longitudinally down the long edges 338 of the electrical field applicator 332. The
first bus bar strip 334 includes a first set of electrodes 334A extending toward the
longitudinal center 332A of the electrical field applicator 332. The second bus
bar strip 336 includes a second set of electrodes 336A extending toward the
center 332A of the electrical field applicator 332. The first set of electrodes 334A
are disposed on the electrical field application 332 to alternate with the second
set of electrodes 336A. The first bus bar strip 334 is connected to the signal
generator 342 of the controller 340 while the second bust bar strip 336 is
grounded. Thus, the resulting RF signal 350 generated between the first
electrodes 334A of the first bus bar strip 334 and the second electrodes 336A of
the second bus bar strip 336 penetrates the three dimensional part 326.

[0040] As shown more particularly in FIG. 3B, the electrical field
applicator 332 may be supported by the three dimensional printer 320 by way of
the print head 322 or the gantry 329 that supports the print head 322. Relative to
the part carrier 324, the electrical field applicator 332 is moveable to selectively
direct RF signals in specific portions of the part 326.

[0041] Referring now to FIGS. 4A-4C, a print head and electrical
field applicator assembly 300 is illustrated in greater detail and will now be
described. The print head and electrical field applicator assembly 300 has
similar components to FIG. 1B including a print head 322 and an electrical field
applicator 334. More particularly, the print head 322 includes a center bore 324
and a nozzle or tip 326. A filament is inserted into the center bore 324, melted or

softened, and extruded through the nozzle 326 to form the three dimensional part



WO 2018/132157 PCT/US2017/059878

(as shown in FIG. 1A). The electrical field applicator 234 is a disc shaped
member fixed to the lower portion of the print head 322 proximate to the nozzle
326 and includes, in this example, a series of circular electrodes 336 concentric
with the center of the electrical field applicator 334, and either imbedded within
the electrical field applicator 334 or otherwise secured to the surface of the
electrical field applicator 334. The electrodes 336 are mounted into a dielectric
matrix formed into a general toroidal shape. The electrical field applicator 334
may alternatively be mounted under the gantry 329 or on a separate linear stage
capable of scanning over the part carrier 324 as shown in FIG. 1A. A signal
generator 342 is connected to an alternating first set of electrodes 336A while an
adjacent second set of electrodes 336B are grounded. Thus, the resulting RF
signal 350 generated between the first set of electrodes 336A of the second set
of electrodes 336B penetrates the three dimensional part. The scanning rate and
sequence is determined and operated by a computer-controlled program of the
controller 340 optimized to achieve the desired heating profile.

[0042] Turning now to FIGS. 5A-5D, several examples of the shape
of the electrodes 336, 436, 536, 636 embedded on an electrical field applicator
are shown. As described in the previous example, adjacent electrodes alternate
between connections to a signal wave generator 342, 442, 542, 642 and
grounded connections. In this manner, the shape of the RF signal can be
tailored to a particular application thus improving the effectiveness and efficiency
of the three dimensional printing process.

[0043] The electrodes 336, 436, 536, 636 may be supported by a
dielectric for structural strength, or it may be free floating in air if the electrodes
336, 436, 536, 636 ara able to support their own weight.  Arcing electric fislds
exiend ouf of plane from the spiral and interact with the 3D printed part. The
electrodes 336, 436, 536, 636 may be mounted around the printer nozzle as
shown in FIG. 4A, under the 3D printer gantry, or on & separate linear stage
capable of scanning over the part carrier 24 as shown in FIG. 1A

[0044] Referring now to FIG. 6, a print head and electrical field

applicator assembly 700 is illustrated in greater detail and will now be described.
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The print head and electrical field applicator assembly 700 has similar
components to FIG. 1B including a print head 722 and an electrical field
applicator 734. More particularly, the print head 722 includes a center bore 724
and a nozzle or tip 726. A filament is inserted into the center bore 724, melted or
softened, and extruded through the nozzle 726 to form the three dimensional part
728. The electrical field applicator 734 includes the lower portion of the print
head 722 and a part carrier 736. A signal generator 742 is connected to the print
head 722 which acts as a first electrode while the part carrier 736 and part 728
are grounded thus acting as the second electrode. Thus, the resulting RF signal
750 generated between the first electrode or print head 722 and the part carrier
736 and part 728 penetrates the three dimensional part 728. The scanning rate
and sequence is determined and operated by a computer-controlled program of
the controller (shown in FIG. 1A) optimized to achieve the desired heating profile.

[0045] Referring now to FIG. 7, a print head and electrical field
applicator assembly 800 is illustrated in greater detail and will now be described.
The print head and electrical field applicator assembly 800 includes an electrical
field applicator that operates by applying an alternating or direct current power
source to a conductor in physical contact with the 3D printed part while using a
second conductor touching the 3D printed part as the ground for the energy. The
gnergy applied o the direct contact applicator travels through the 3D printed part
ke current flowing through a wire.  The direct contact applicator may be
mounted around the printer nozzle, under the 3D printer gantry, or on a separate
inear stage capable of scanning over the build plate. The simplest realization of
this applicator is the conductive 3D print nozzle, but any other conductive shape
would also parform the same funclion.

[0046] Referring now to FIG. 8, an electrical field applicator 900 is
illustrated in greater detail and will now be described. The electrical field
applicator 900 is in the shape of a coil having a first end 902 and a second end
904. The first end 902 and the second end 904 are connected to a signal
generator 906. The alternating magnetic field 908 produced by the coil wraps

around the coil to osciliate the molecules of ferromagnetic or magnetically iossy

10
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materials in close proximity {including the print nozzle), causing them to heat
through molecular friction. The inductive coil applicator may be mounted around
the printer nozzle, under the 30 printer gantry, or on a separate linear slage
capable of scanning over the build plate.

[0047] The description of the invention is merely exemplary in
nature and variations that do not depart from the spirit of the invention are
intended to be within the scope of the invention. Such variations are not to be

regarded as a departure from the spirit and scope of the invention.

11
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CLAIMS
We claim:

1. A three-dimensional printing apparatus for manufacturing a three-
dimensional object, the apparatus comprising:

a controller comprising a signal generator;

a three-dimensional printer comprising a print head, a three-dimensional
object carrier, and an electrical field applicator, and wherein the electrical field
applicator is disposed on an end of the print head, the controller is in
communication with the print head, part carrier, and electrical field applicator, and
the three dimensional printer builds the three-dimensional object onto the three-
dimensional object carrier; and

wherein the signal generator outputs a signal to the electrical field
applicator and the electrical field applicator generates an electrical field incident

to the three-dimensional object on three-dimensional object carrier.

2. The three-dimensional printing apparatus of claim 1 wherein the
signal output to the electrical field applicator comprises a radio frequency (RF)

signal.

3. The three-dimensional printing apparatus of claim 1 wherein the RF

signal comprises a frequency of less than approximately 433.92MHz.

4. The three-dimensional printing apparatus of claim 1 wherein the RF

signal comprises a frequency of less than approximately 915MHz.

. The three-dimensional printing apparatus of claim 1 wherein the
electrical field applicator comprises a first and a second plurality of electrodes,
each electrode of the first plurality of electrode alternate with each of the

electrodes of the second plurality of electrodes.

12
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6. The three-dimensional printing apparatus of claim 5 wherein the
first plurality of electrodes of the electrical field applicator are connected to the

signal generator and the second plurality of electrodes are grounded.

7. The three-dimensional printing apparatus of claim 6 wherein the
electrical field applicator is a disc and the first plurality of electrodes is concentric

with the second plurality of electrodes.

8. The three-dimensional printing apparatus of claim 5 wherein the
electrical field applicator is an elongated plate, the first plurality of electrodes is
connected to a first bus bar strip, the second plurality of electrodes is connected
to a second bus bar strip, the first bus bar strip is connected to the signal

generator, and the second bus bar strip is connected to the ground.

9. The three-dimensional printing apparatus of claim 1 wherein the

three-dimensional object carrier is electrically grounded.

10. A three-dimensional printing apparatus for manufacturing a three-
dimensional part, the apparatus comprising:

a controller comprising a signal generator;

a three-dimensional printer having a print head, and wherein the three
dimensional printer builds the three-dimensional part onto a part carrier and the
part carrier is electrically grounded;

an electrical field applicator apparatus comprising an electrical field
applicator, and wherein the signal generator outputs a signal to the electrical field
applicator and the electrical field applicator generates an electrical field incident

to the three-dimensional part on the part carrier.
11. The three-dimensional printing apparatus of claim 10 wherein the

signal output to the electrical field applicator comprises a radio frequency (RF)

signal.

13
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12.  The three-dimensional printing apparatus of claim 11 wherein the
RF signal comprises a frequency of less than approximately 433.92MHz and

approximately 915MHz.

13.  The three-dimensional printing apparatus of claim 12 wherein the
electrical field applicator comprises a first and a second plurality of electrodes,
each electrode of the first plurality of electrode alternate with each of the
electrodes of the second plurality of electrodes.

14.  The three-dimensional printing apparatus of claim 13 wherein the
first plurality of electrodes of the electrical field applicator are connected to the

signal generator and the second plurality of electrodes are grounded.

15.  The three-dimensional printing apparatus of claim 14 wherein the
electrical field applicator is a disc and the first plurality of electrodes is concentric

with the second plurality of electrodes.

16.  The three-dimensional printing apparatus of claim 13 wherein the
electrical field applicator is an elongated plate, the first plurality of electrodes is
connected to a first bus bar strip, the second plurality of electrodes is connected
to a second bus bar strip, the first bus bar strip is connected to the signal

generator, and the second bus bar strip is connected to the ground.

17. A three-dimensional printing apparatus for manufacturing a three-
dimensional object, the apparatus comprising:

a controller comprising a signal generator;

a three-dimensional printer comprising a print head, a three-dimensional
object carrier, and an electrical field applicator, and wherein the electrical field
applicator is disposed on an end of the print head, the controller is in

communication with the print head, part carrier, and electrical field applicator, and

14
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the three dimensional printer builds the three-dimensional object onto the three-
dimensional object carrier; and

wherein the signal generator outputs a signal to the electrical field
applicator, the three-dimensional object carrier is electrically grounded, and the
electrical field applicator generates an electrical field from the electrical field
applicator to the three-dimensional object carrier incident to the three-

dimensional object on three-dimensional object carrier.

18. The three-dimensional printing apparatus of claim 17 wherein the
signal output to the electrical field applicator comprises a radio frequency (RF)

signal.

19.  The three-dimensional printing apparatus of claim 18 wherein the
RF signal comprises a frequency of one of less than approximately 433.92MHz
and less than approximately 915MHz.

20.  The three-dimensional printing apparatus of claim 19 wherein the
electrical field applicator is a disc and is a first electrode and the three-

dimensional object carrier is a second electrode.

15
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