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SYSTEMS AND METHODS FOR USING
WIRE PRINTING PROCESS DATA TO
PREDICT MATERIAL PROPERTIES AND
PART QUALITY

CROSS-REFERENC.

L1l

This application 1s a Continuation of U.S. patent appli-
cation Ser. No. 16/933,637, filed Jul. 20, 2020, which claims
priority to U.S. Provisional Patent Application No. 62/879,

3773, filed Jul. 26, 2019, the disclosures of which are hereby
incorporated by reference 1n their enftirety.

BACKGROUND

In manufacturing in general, such as three-dimensional
(3D) printing, 1t may be desired to use process input param-
cters, and measurements and predictions of an intermediate
state, to predict the material properties and final quality of a
manufactured part. As an example, mput power from the
laser 1n a powder bed fusion process may aflect how the
temperature of a printed metal part varies with time (a
printing state). Generally, this “thermal history” may aflect
how grains grown 1n a 3D object, including their size and
orientation, as well as the porosity and thermal stresses 1n
the 3D object. These attributes may ultimately influence the
material properties and quality of the printed 3D object,
including its strength, toughness, elasticity, and resistance to
fatigue. As a second example, parameters of a wire-based
metal additive manufacturing printing process—including,
wire feed rate, process power, temperature, and conditions
of the atmosphere surrounding the print—may aflect print-
ing state and final material properties and quality measures
ol a part printed using the wire-based metal additive manu-
facturing printing process.

SUMMARY

Recognized herein 1s a need to develop methods and
systems for using additive manufacturing printing process
parameters and a variety of software tools and analysis
techniques to predict intermediate states, and final matenal
properties and quality of a three-dimensional (3D) object
that has been printed. Methods and systems of the present
disclosure provide for predicting intermediate states and/or
final material properties, and a measure of quality, of a 3D
object. This may be employed for use 3D objects that are
printed by bringing a feedstock (e.g., wire) 1 contact with
a support and directing current through the feedstock to melt
(e.g., via Joule heating) the feedstock, to deposit at least a
portion adjacent to the support. The feedstock may be heated
by resistive heating (Joule heating).

In one aspect, a method for determining a quality of a
three-dimensional (3D) object, 1s disclosed. The method
includes first obtaining a set of printing parameters and a
predicted state of the 3D object, which predicted state 1s
generated using at least the set of printing parameters.
Second, the method includes printing the 3D object 1n
accordance with the printing parameters, which printing
comprises (1) bringing a feedstock 1n contact with a support
and (1) directing flow of electrical current from the feed-
stock to the support, or vice versa, while the feedstock 1s 1n
contact with the support. Third, the method includes pro-
cessing at least one measured parameter of the 3D object
against at least one predicted parameter of the 3D object to
yield a quality measure of the 3D object, wherein the at least
one measured parameter 1s measured during or after printing
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of the 3D object, and wherein the at least one predicted
parameter of the 3D object 1s from the predicted state.
Finally, the method includes electronically outputting the
quality measure.

In some embodiments, the predicted state of the 3D object
1s a lfinal state of the 3D object subsequent to printing.

In some embodiments, the predicted state of the 3D object
1s a state of the 3D object during printing.

In some embodiments, the predicted state 1s generated
using at least one previous predicted state of the 3D object.

In some embodiments, the set of printing parameters
comprises a rate at which the feedstock 1s directed towards
the support.

In some embodiments, the printing parameter 1s a force
with which feedstock is pressed into a print pool.

In some embodiments, at least one of the printing param-
eters 1s at least one atmospheric condition selected from the
group consisting of oxygen level, water level, nitrogen level,
argon level, another gas level, temperature level, and any
combination thereof.

In some embodiments, the printing parameter 1s a tem-
perature ol a support on which the 3D object 1s printed.

In some embodiments, the printing parameter 1s a voltage
of the printing process.

In some embodiments, the printing parameter 1s a current
of the printing process.

In some embodiments, the printing parameter 1s a com-
position of an input feedstock.

In some embodiments, the printing parameter 1s a spacing,
between adjacent deposits of printing maternal.

In some embodiments, the printing parameter 1s a height
of a printed layer.

In some embodiments, the printing parameter 1s a height
of a deposition tip above a printed layer.

In some embodiments, the printing parameter 1s a depo-
sition path shape.

In some embodiments, the printing parameter 1s a depo-
sition history.

In some embodiments, the printing parameter 1s a local
ambient gas velocity.

In some embodiments, the measured property 1s collected
using one or more Sensors.

In some embodiments, a sensor from the one or more

sensors 1s selected from a group consisting of a camera, an
clectronic force meter, a barometer, a gas meter, a thermom-
cter, a voltmeter, a multimeter, and an X-ray unit.
In some embodiments, the measured property 1s a voltage.
In some embodiments, the measured property 1s a current.
In some embodiments, the measured property 1s an elec-
trical resistance.

In some embodiments, the measured property 1s a tem-
perature at a location of the 3D object.

In some embodiments, the measured property 1s an atmo-
spheric condition.

In some embodiments, the measured property 1s an atmo-
spheric composition.

In some embodiments, the measured property 1s a weight
of deposited material.

In some embodiments, the measured property 1s a thermal
stress 1n the 3D object.

In some embodiments, the measured property 1s a thermal
stress 1n a support.

In some embodiments, the measured property 1s an 1mage
analysis ol deposited material.

In some embodiments, the measured property 1s a force
with which feedstock 1s pressed into a process pool.
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In some embodiments, obtaining the at least one predicted
state 1s performed using statistical process control.

In some embodiments, obtaining the at least one predicted
state 1s performed using a computational model.

In some embodiments, obtaining the at least one predicted
state 1s performed using machine learming.

In some embodiments, obtaining the at least one predicted
state 1s performed using iterative shooting.

In some embodiments, obtaining the at least one predicted
state 1s performed using an algorithmic estimator.

In some embodiments, obtaining the at least one predicted
state 1s performed using computational software.

In some embodiments, the predicted state 1s a thermal
history of at least one portion of the 3D object.

In some embodiments, the predicted state 1s a weight or
density of the 3D object.
In some embodiments, the predicted state 1s a pressure on
least one portion of the 3D object.
In some embodiments, the predicted state 1s a chemical
composition of at least one portion of the 3D object.

In some embodiments, the predicted state 1s a stress of at
least one portion of the 3D object.

In some embodiments, the predicted state 1s a size of a
grain of the 3D object.

In some embodiments, the predicted state 1s an orientation
of grains of the 3D object.

In some embodiments, the predicted state 1s a composi-
tion of metallic structures within grains of the 3D object.

In some embodiments, the predicted state 1s a phase of a
metal of the 3D object.

In some embodiments, the predicted state 1s at least one
strain of at least one portion of the 3D object.

In some embodiments, the predicted state 1s a degree of
fusions between adjacent deposit regions of the 3D object.

In some embodiments, in (c), the processing provides at
least one predicted property.

In some embodiments, the predicted property 1s maxi-
mum tensile strength.

In some embodiments, the predicted property 1s vyield
strength.

In some embodiments, the predicted property 1s maxi-
mum elongation at failure.
In some embodiments, the predicted property 1s porosity.
In some embodiments, the predicted property 1s a fatigue
property.

In some embodiments, the predicted property 1s a corro-
s10n resistance.

In some embodiments, the predicted property 1s a resis-
tance to creep.

In some embodiments, the predicted property 1s an elec-
trical conductivity.

In some embodiments, the predicted property 1s a thermal
conductivity.

In some embodiments, the quality measure 1s dimensional
accuracy.

In some embodiments, the quality measure 1s surface
width.
In some embodiments, the quality measure 1s strength.
In some embodiments, the quality measure 1s durability.
In some embodiments, the quality measure 1s corrosion
resistance.

In some embodiments, the quality measure is electrical
conductivity.

In some embodiments, the quality measure 1s thermal
conductivity.

In some embodiments, the quality measure 1s warp or
dimensional instability.
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In one aspect, a system for updating a plurality of printing,
instructions for a three-dimensional (3D) printer, 1s dis-
closed.

The system comprises at least one computer memory con-
figured to maintain 1n memory a set of printing parameters,
one or more predicted states, and at least one measured
parameter; and one or more computer processors operatively
coupled to said at least one computer memory, wherein said
one or more computer processors are individually or col-
lectively configured to: (1) obtain a set of printing parameters
and a predicted state of said 3D object. The predicted state
1s generated using at least said set of printing parameters.
The system 1s further configured to (11) print said 3D object
in accordance with said printing parameters, which printing
comprises (1) bringing a feedstock in contact with a support
and (11) directing tlow of electrical current from said feed-
stock to said support, or vice versa, while said feedstock 1s
in contact with said support. The system 1s further config-
ured to (111) process at least one measured parameter of said
3D object against at least one predicted parameter of said 3D
object to yield a quality measure of the 3D object. At least
one measured parameter 1s measured during or after printing
of said 3D object. At least one predicted parameter of said
3D object 1s from the predicted state. Finally, the system 1s
configured to (1v) electronically output said quality measure.

In another aspect, a method for determining a quality of
cach of a plurality of three-dimensional (3D) objects 1s
disclosed. The method comprises (a) printing each of the
plurality of 3D objects, and (b) using at least one measured
parameter from each of said plurality of 3D objects mea-
sured during or subsequent to said printing to generate a
measure ol said quality of each of said plurality of 3D

objects.
In some embodiments, (b) 1s performed during the print-

ing.

gln some embodiments, (b) 1s performed subsequent to the
printing.

In some embodiments, the predicted property 1s hardness.

In some embodiments, the printing parameter 1s a direc-
tion of adjacent deposits of printing material.

In some embodiments, the printing parameter 1s a dimen-
sion of feedstock, wherein a dimension 1s selected from a
group consisting of diameter and cross-sectional shape.

Another aspect of the present disclosure provides a non-
transitory computer readable medium comprising machine
executable code that, upon execution by one or more com-
puter processors, implements any of the methods above or
clsewhere herein.

Another aspect of the present disclosure provides a sys-
tem comprising one or more computer processors and com-
puter memory coupled thereto. The computer memory com-
prises machine executable code that, upon execution by the
one or more computer processors, implements any of the
methods above or elsewhere herein.

Additional aspects and advantages of the present disclo-
sure will become readily apparent to those skilled 1n this art
from the following detailed description, wherein only 1llus-
trative embodiments of the present disclosure are shown and
described. As will be realized, the present disclosure 1is
capable of other and different embodiments, and 1ts several
details are capable of modifications i1n various obvious
respects, all without departing from the disclosure. Accord-
ingly, the drawings and description are to be regarded as
illustrative in nature, and not as restrictive.

(L]

INCORPORAITION BY REFERENC.

All publications, patents, and patent applications men-
tioned 1n this specification are herein incorporated by ref-



US 12,591,220 B2

S

erence to the same extent as 11 each individual publication,
patent, or patent application was specifically and individu-
ally indicated to be incorporated by reference. To the extent
publications and patents or patent applications incorporated
by reference contradict the disclosure contained in the
specification, the specification 1s intended to supersede

and/or take precedence over any such contradictory mate-
rial.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the disclosure are set forth with
particularity in the appended claims. A better understanding
of the features and advantages of the present disclosure will
be obtained by reference to the following detailed descrip-
tion that sets forth illustrative embodiments, in which the
principles of the disclosure are utilized, and the accompa-
nying drawings ol which:

FIG. 1 shows a three-dimensional printing apparatus;

FIG. 2 shows an expanded view of a memory of a
three-dimensional printing apparatus;

FIG. 3 shows an analysis system:;

FIG. 4 shows a process flow diagram for predicting a
quality measure of a three-dimensional printed part; and

FIG. 5 shows a computer system that 1s programmed or
otherwise configured to mmplement methods provided
herein.

DETAILED DESCRIPTION

While various embodiments of the invention have been
shown and described herein, 1t will be obvious to those
skilled 1n the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substi-
tutions may occur to those skilled in the art without depart-
ing from the mvention. It should be understood that various
alternatives to the embodiments of the mvention described
herein may be employed.

The disclosed systems and methods enable prediction of
maternial properties and final qualities of a three-dimensional
(3D) object manufactured using an additive manufacturing
method, such as a method that uses resistive (e.g., Joule)
heating to melt at least a portion of a feedstock (e.g., wire).
Prediction of these properties and final qualities 1s based on
analysis ol one or more process input parameters, one or
more process measurements, and one or more printing
states. Analysis of these inputs may be performed using
many techniques, including statistical process control,
numeric and closed-form methods, and machine learming
algorithms.

Analyzing process measurements from wire-based metal
additive manufacturing differs from analogous techniques
for other 3D printing methods 1n fundamental ways. The
specific method of wire printing, heating feedstock in con-
tact with a support by directing a tflow of electrical current,
necessitates that diflerent measurements and parameters be
analyzed 1n order to predict properties of the 3D printing
material and quality measures of the part itself. Measure-
ments and parameters that include the matenial of the
feedstock, the temperature to which 1t 1s heated, level of
current flowing through the circuit, and ambient conditions,
uniquely atfect the 3D printed output 1n ways that differ from
powder-based printing or from other methods of 3D metal
printing.

The process input parameters may be user-defined or
default parameters used by computer software to enable a
user to control printing of a 3D object. They may also be
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physical mputs of the printing process. The computer soft-
ware may be used to provide instructions to a controller
within a wire-based metal additive manufacturing additive
manufacture system, which may use actuators or other
mechanical components to direct a feedstock towards a
support (e.g., platform or a previously deposited portion of
the 3D object) to print the 3D object.

The process measurements may be taken before, during,
or after a print job has been completed. The process mea-
surements may be taken by a sensor unit, which may be
attached to or communicatively coupled to the 3D printing
system. Measurements taken at time intervals may be ana-
lyzed by a trained machine learning algorithm or statistical
method, 1n order to determine intermediate printing states,
maternal properties, or infer a quality of a final printed part.
The process measurements may also be recorded when
parameters are defined 1n 3D printing software. The system
may collect 150 signals in real-time and perform real-time
calculations on the signals. The system may calculate sum-
mary statistics, including averages (arithmetic mean, geo-
metric mean, median, mode), variances, and standard devia-
tions.

The systems may measure printing states during the
duration of printing. A printing state may be one or more
particular values of measurements or process parameters
collected during a specific time period. The system may
perform analysis on multiple printing states 1 order to
predict part quality statistics or material properties.

The system may predict one or more quality measures for
the printed part, from a combination of printing states, initial
printing parameters, and process measurements. The part
quality measure may demonstrate acceptability criteria for
the printed part. Exemplary part quality measures may
include durability, tensile strength, hardness, elasticity, elec-
trical conductivity, and heat resistance.

The system may also predict one or more material prop-
erties using one or more types of analysis. The system may
make a binary prediction, indicating whether the 3D printed
object has or does not have a particular property. The system
may make a multiclass prediction, indicating that the 3D
printed object may have one of a set of properties.

In accordance with embodiments of the invention, 3D
metal structures may be fabricated layer-by-layer using an
apparatus 100, as shown in FIG. 1. Apparatus 100 includes
a mechanical gantry 105 capable of motion in one or more
of five or six axes of control (e.g., one or more of the XYZ
planes) via one or more actuators 110 (e.g., motors such as
stepper motors). As shown, apparatus 100 also includes a
wire feeder 115 that positions a metal wire 120 inside the
apparatus, provides an electrical connection to the metal
wire 120, and continuously feeds metal wire 120 from a
source 1235 (e.g., a spool) 1into the apparatus. A baseplate 130
1s also typically positioned 1nside the apparatus and provides
an electrical connection; the vertical motion of the baseplate
130 may be controlled via an actuator 135 (e.g., a motor such
as a stepper motor). An electric power supply 140 connects
to the metal wire 120 and the baseplate 130, enabling
clectrical connection therebetween. The motion of the gan-
try 105 and the motion of the wire feeder 1135 are controlled
by a controller 145. The application of electric current from
the power supply 140, as well as the power level and
duration of the current, is controlled by the controller 145.

The computer-based controller 145 in accordance with
embodiments of the invention may include, for example, a
computer memory 150 and a 3D rendering module 155.
Computational representations of 3D structures may be
stored 1n the computer memory 150, and the 3D rendering
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module 155 may extract sets of data corresponding to
successive layers of a desired 3D structure from the com-
putational representation. The controller 145 may control
the mechanical actuators 110, 135, wire-feeding mechanism
115, and power supply 140 to form successive layers depos- 5
ited metal segments 1n accordance with the data.

One or more parameters to be measured during the
printing process may be recorded from computer software
used to create the computational model. For example, the
user may set parameters for printing of the 3D object, which 10
may be recorded and stored for analysis. In addition, com-
puter soltware may record printing states before, during, and
alter printing. Some measurements, such as feedstock usage
and feedstock rate, may be calculated using computer soit-
ware programs. For example, a simulation program may 15
report a projected material usage for a 3D part before 1t 1s
printed. Some programs may display feedstock usage while
the 3D object 1s being printed, as well as a printing time.

The computer-based control system (or “controller’™) 145
in accordance with embodiments of the present mmvention 20
may 1include or consist essentially of a general-purpose
computing device 1n the form of a computer including a
processing unit (or “computer processor’) 160, the system
memory 150, and a system bus 165 that couples various
system components including the system memory 150 to the 25
processing unit 160. Computers typically include a variety
of computer-readable media that can form part of the system
memory 150 and be read by the processing unit 160. By way
of example, and not limitation, computer readable media
may include computer storage media and/or communication 30
media. The system memory 150 may include computer
storage media 1n the form of volatile and/or nonvolatile
memory such as read only memory (ROM) and random
access memory (RAM). A basic input/output system (BIOS),
containing the basic routines that help to transfer informa- 35
tion between elements, such as during start-up, 1s typically
stored iIn ROM. RAM typically contains data and/or pro-
gram modules that are immediately accessible to and/or
presently being operated on by processing unit 160. The data
or program modules may include an operating system, 40
application programs, other program modules, and program
data. The operating system may be or include a variety of
operating systems such as Microsoit WINDOWS operating
system, the Unix operating system, the Linux operating
system, the Xenix operating system, the IBM AIX operating 45
system, the Hewlett Packard UX operating system, the
Novell NETWARE operating system, the Sun Microsystems
SOLARIS operating system, the OS/2 operating system, the
BeOS operating system, the MACINTOSH operating sys-
tem, the APACHE operating system, an OPENSTEP oper- 50
ating system or another operating system of platiform.

Any suitable programming language may be used to
implement without undue experimentation the functions
described herein. Illustratively, the programming language
used may include assembly language, Ada, APL, Basic, C, 55
C++, C*, COBOL, dBase, Forth, FORTRAN, Java, Modula-

2, Pascal, Prolog, Python, REXX, and/or JavaScript for
example. Further, 1t 1s not necessary that a single type of
instruction or programming language be utilized 1n conjunc-
tion with the operation of systems and techniques of the 60
invention. Rather, any number of different programming
languages may be utilized as 1s necessary or desirable.

The computing environment may also include other
removable/nonremovable, volatile/nonvolatile computer
storage media. For example, a hard disk drive may read or 65
write to nonremovable, nonvolatile magnetic media. A mag-
netic disk drive may read from or writes to a removable,

8

nonvolatile magnetic disk, and an optical disk drive may
read from or write to a removable, nonvolatile optical disk
such as a CD-ROM or other optical media. Other removable/
nonremovable, volatile/nonvolatile computer storage media
that can be used 1n the exemplary operating environment
include, but are not limited to, magnetic tape cassettes, flash
memory cards, digital versatile disks, digital video tape,
solid state RAM, solid state ROM, and the like. The storage
media are typically connected to the system bus through a
removable or non-removable memory interface.

The processing unit 160 that executes commands and
istructions may be a general-purpose computer processor,
but may utilize any of a wide variety of other technologies
including special-purpose hardware, a microcomputer, mini-
computer, mainirame computer, programmed micro-proces-
sor, micro-controller, peripheral integrated circuit element, a
CSIC (Customer Specific Integrated Circuit), ASIC (Appli-
cation Specific Integrated Circuit), a logic circuit, a digital
signal processor, a programmable logic device such as an
FPGA (Field Programmable Gate Array), PLD (Program-
mable Logic Device), PLA (Programmable Logic Array),
RFID processor, smart chip, or any other device or arrange-
ment of devices that 1s capable of implementing the steps of
the processes of embodiments of the invention.

The sensor umit 170 may include a plurality of sensors for
taking process measurements before, during, and after print-
ing. The sensors may include, for example, an electronic
force meter, a barometer, a gas meter, a thermometer, a
voltmeter, a multimeter, x-ray, devices to measure height,
width, and roughness of a printed layer or part, and other
measurement devices. The sensor unit may be communica-
tively coupled to the controller, and, 1n some embodiments,
physically coupled to the controller. The sensor unit may
contain one or more cameras, which may take still images or
video of the 3D object as 1t 1s being printed. The still images
may be saved 1n order to determine particular printing states.
The camera may take multi-view 1mages, or take different
shots comprising multiple views, which may each provide
information for multiple states or which together may be
used to determine a single printing state. The camera may be
a high-resolution camera, capable of imaging orientations of
grains within the matenial or metallic structures within the
3D printing material. The sensor unit may comprise an
X-ray umit which may be used to perform X-ray crystallog-
raphy using diffraction. Machine learning algorithms may
also be able to analyze video data itself, rather than indi-
vidual video frames. Video data may also be used to control
the printing process.

Printing states to be measured may be time-binned fea-
tures that may track a history of an aspect of the 3D printed
part. Descriptive features may be recorded along with time-
stamps, and used as mputs to a machine learning algorithm,
such as an LSTM algorithm. The machine learning algo-
rithm may be trained to apply heavier weights to states that
occur further 1n the past than others. The machine learning
algorithm may also be trained to weight states based on
whether they involve printing particular sections of the 3D
part. For example, 1t may be more necessary for a base of a
3D object to be sturdy than a cosmetic feature. It may be
more important that some sections of the 3D printed part be
able to withstand high temperatures than others.

FIG. 2 shows an expanded view of the memory 150. The
memory 130 stores process measurements 240, measure-
ment nstructions 230, process mput parameters 210, and
printing states 220.

The measurement instructions 230 may be provided by a
user or hard-coded into software used to generate compu-
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tational 3D models for printing, before being stored in
memory. The process measurements 240 that may be
recorded from implementing the measurement nstructions
may include one or more voltages of the printing process,
one or more currents ol the printing process, one or more
clectrical resistances at one or more places in the wire-based
metal additive manufacturing printing system, one or more
temperatures at one or more places 1n the printed part,
atmosphere conditions and atmospheric composition, one or
more weights of deposited material, thermal stress 1n the 3D
part (at a point(s), region(s), or overall), thermal stress in the
support (at a point(s), region(s), or overall), image analysis
ol deposit and part dimensions (visual, thermal, static and
video), and a force with which feedstock 1s pressed into the
process pool.

The measurement instructions 230 may be configured to
measure process measurements 240 at various times within
the printing process. For example, the measurement 1nstruc-
tions 230 may instruct recording of a measurement at the
beginning or at the end of a print job. The measurement
instructions may instruct measurements at specific time
intervals, which may be provided to the analysis module as
time-binned features. The measurement instructions 230
may be used to measure printing conditions or states of the
3D object. The measurement 1nstructions 230 may be con-
figured or written to induce measurements of all properties
at a particular time, or to take different types ol measure-
ments at different times throughout a print job. The mea-
surement 1nstructions 230 may be written or entered manu-
ally by a user, or may be generated automatically by a
computer system communicatively coupled to the 3D print-
ing device. Diflferent sets of instructions may be used for
different types of analysis, 1n order to predict different
properties or diflerent aspects of part quality.

The process mput parameters 210 may be input by users
of 3D printing software 1n order to modily the structure of
the 3D printed part, or to imbue the 3D printed part with
particular characteristics. Process iput parameters 210 may
be differentiated from process measurements in that they
may retlect conditions only prior to commencement of a
print job. In addition, process input parameters 210 may be
set by a user, be default parameters, or may correspond with
mechanical constraints of the printing apparatus or with
constraints of the operating environment.

The wire-based metal additive manufacturing additive
manufacturing method process mput parameters 210 may
include a rate at which feedstock (e.g., wire) 1s introduced to
a printing process, a force with which feedstock 1s pressed
into a print pool, atmospheric conditions (e.g., level of
oxygen, water, nitrogen, argon or other gases, or atmo-
spheric temperature), a temperature ol the support upon
which the part 1s printed, one or more voltages of the
printing process, one or more currents of the printing pro-
cess, one or more compositions of mput feedstock, spacing
between adjacent deposits, direction of adjacent deposits, a
height of a printed layer, a height of a deposition tip above
a printed layer, a deposition path shape, a deposition history
at vertically and laterally adjacent voxels, dimension of
feedstock, such as feedstock diameter and cross-sectional
shape, a material deposition rate, a temperature to which a
substrate 1s heated, and a local ambient gas velocity.

Printing states 220 may be predicted using measured
information taken from a snapshot of the 3D object at a
particular point during the printing process. For example, a
printing state may be predicted from a 2D or 3D 1mage of a
partially formed 3D part. A printing state may also be
predicted from a list of parameters or measurements taken
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by the sensor unit during the printing process at a single
point in time, or over a period of time. Printing states may
be predicted following printing of percentages of the 3D part
printed, such as 25%, 50%, or 75% printed. These percent-
ages may be determined by comparing a 3D or 2D 1image of
the final printed part to a captured image of the 3D part. The
printing state may also be captured following an amount of
depletion of printing material, or an intermediate material
composition of the 3D printed part. A printing state may also
be captured when a printer 1s located at a particular point or
within a particular region of a printing area.

Printing states 220 that might be predicted may include a
thermal history of a printed part at a point, multiple points
in the part, a region or multiple regions, or the overall
average for the part; one or more weights or densities of a
printed part (at a point(s), region(s), or overall), the tem-
perature of the support upon which the part 1s printed, (at a
point(s), region(s), or overall), pressure on the printed part
(point(s), region(s) or overall), content of an atmospheric
clement (e.g., oxygen) 1 the printed part at a point(s),
region(s), or overall), chemical composition of a part (at a
point(s), region(s), or overall), stresses 1 a part (at a
point(s), region(s), or overall), stresses 1n the support (at a
point(s), region(s), or overall), the size of grains or crystals
in a part (at a point(s), region(s), or overall), the orientation
of grains or crystals 1n a part (at a point(s), region(s), or
overall), the metallic structures within the grains or crystals
in a part (at a point(s), region(s), or overall), the phase of the
metal 1n a part (at a point(s), region(s), or overall), strain at
a point(s), region(s), or overall, the degree of fusion between
adjacent deposit regions.

FIG. 3 shows an analysis system 300. The analysis system
300 takes as mputs printing parameters 220, process param-
cters 210, and printing states 230. The analysis system 300
may process these mputs using one or more analysis models
310. The analysis system 300 uses the analysis models 310
to produce a predicted material property 320 or a quality
measure 330.

An analysis model may be stored 1n the memory 150, or
accessible via a network. For example, the analysis model
may be hosted on a remote server, and may perform real-
time analysis during printing. The remote server may be
accessible via a network connected to a computing device
coupled to the 3D printing apparatus.

Analysis models 310 may include statistical process con-
trol, physical models that predict how a state of the part
(temperature, weight, etc) evolve with time, machine learn-
ing and automated pattern recognition algorithms, iterative
shooting methods to estimate future state from present state
and mtial state, algorithmic estimators (e.g., a Kalman
filter) that combine measurements and/or model data to
estimate states of one or more properties, computational
software such as COMSOL and Flow3D {for predicting
initial, transient, and steady state conditions.

Multiple analysis models may be used and stacked on top
of one another. For example, predicting part quality or
material properties may use a neural network to make
predictions, but may employ Kalman filters at different
stages of the network to reduce errors.

Statistical process control (SPC) 1s a method of monitor-
ing quality of a particular process 1s performed by the use of
statistical methods. SPC may use control charts to determine
statistically acceptable variation 1n a process. A control chart
may plot changes and varnations of a process over time. The
control chart may display information including the average
of the process, an upper control limit for the process (beyond
which the process 1s considered to be unstable) and a lower
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control limit for the process. Control charts may be devel-
oped for various process parameters and measurements, and
changes 1n parameters and measurements may be recorded
over time. From viewing trends and shiits 1in these measure-
ments, quality measurements may be predicted. For
example, 1 a particular process trends towards either the
upper or lower limit, or swings wildly, the system may
predict an unstable process, and thus a poor quality outcome
for the 3D part. The disclosed system may perform univari-
ate SPC, measuring one property or quality metric, or may
perform multivariate SPC, measuring multiple properties
and quality metrics 1n a single pass of an SPC algorithm.

Computational models may be used to simulate the 3D
printed part and determine how input process parameters
and measurements may aflect the formation of the 3D
object. For example, a computer software program may be
configured to accept mput parameters and initial measure-
ments, as well as a 3D model of the part to be printed and
the type of apparatus performing the printing. The software
may then simulate a build of the 3D printed object, taking
the parameters 1mto account. The software may be able to
extrapolate the final 3D object from the 1nitial state or from
a set of input intermediate states, or from both. The software
program may provide a user with information predicting
how states of the part evolve with time using a graphical
display. For example, the software may be configured by a
user to track a temperature of the part over the printing time
of the 3D object.

The system may use an iterative shooting method to
predict properties or quality of a 3D object. The system may
determine output quality measurements or intermediate
quality measurements for particular mput parameters and
measurements. The system may track rates of change for
some or all of these parameters and measurements. Using
these 1mitial conditions and rates of change, the system may
be able to fit a function relating the output quality measure
to the weights of the input parameters and measurements.

The analysis model 310 may be a machine learming
model. The analysis model 310 may be a neural network,
support vector machine, logistic regression, decision tree
model, or other machine learning model. The analysis model
310 may be statistical process control, a physical model, an
iterative shooting method, algorithmic estimator, or compu-
tational software. The analysis model 310 may be a deep
network which may include a linked network of multiple
different machine learning algorithms.

The analysis model 310 may use a neural network. The
neural network may take as iputs the process inputs and the
measurements. The neural network may be a convolutional
neural network or a recurrent neural network. For example,
the neural network may be a long short-term memory
(LSTM) network. The neural network may be a deep neural
network, with many layers of neural networks feeding 1nto
one another. The neural network may also mclude one or
more dense layers or fully connected layers for producing
predictions or mputs to layers that have the correct dimen-
$101S.

The analysis model 310 may be a tree-based model. The
analysis model 310 may use one or more decision trees, or
may use bagging or bootstrapping. The analysis model 310
may be a random forest or may use gradient boosted trees.
For example, the model may select a subset of features
predictive of high electrical conductivity. The model may
select a particular feature from the subset, at random, to seed
a tree and create a branch. The model may grow the tree by
branching with additional features, until the tree has reached
a particular height. The model may then select other random
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subsets and create additional trees. The trees may all pro-
duce scores, which may be used to classity the part. These
scores may be aggregated 1n order to provide more robust
predictions.

One or more machine learning algorithms may analyze an
embedding of the measurements and of the parameters. For
example, non-numeric parameters and measurements may
be converted to numbers that may be analyzed by the
system.

The analysis model 310 may be a binary classifier, such
as a neural network, logistic regression, or support vector
machine (SVM) model. Images of intermediate states may
be analyzed, for example, using a convolutional neural
network (CNN). The CNN may be used to determine
features 1n intermediate states that may be predictive of
properties or part quality. For example, a CNN may be able
to determine whether there are cracks 1 the 3D printed
object at various intermediate stages, indicating the final part
may be brittle 1 quality. Multiple trained machine learming
algorithms may be used together to predict multiple material
properties or quality aspects. For example, one machine
learning algorithm may be used to predict electrical con-
ductivity, while another may be used to predict thermal
conductivity.

An analysis model 310 using a machine learming algo-
rithm may output a quality measure prediction 330 as a
binary determination. For example, a 3D part may be
predicted to be “good” or “defective.” The quality determi-
nation may be a multiclass determination. For example,
parts may be given scores, which may be scaled and related
to labels such as “excellent”, “good”, “fair”, and “poor.”

A matenal property 320 may also be a binary prediction.
For example, a binary prediction may indicate whether or
not a 3D printed material has a particular property. A
multiclass determination may indicate multiple intensities or
severities of properties, or may indicate a most likely
property out of a discrete set of properties.

The analysis model 310 may be a Kalman filter. For
example, noisy measurements of particular states taken at
multiple time periods may be compared with noisy inter-
mediate state predictions to those time periods. The com-
parison may be used to produce a more precise estimate than
cither the intermediate state predictions or the noisy mea-
surements. Kalman filters may be used to predict interme-
diate states, material properties, or quality measures.

Computational software such as COMSOL and Flow3D
may be used for predicting 1nitial, transient, and steady state
conditions. Flow3D, for example, may be used to simulate
an additive manufacturing process, including interactions
between individual deposited segments. Flow3D may be
able to perform simulations of melting feedstock, by plotting
temperature, temperature gradients, and solid fractions, for
example. COMSOL may use numerical analysis to estimate
material properties of a 3D printed part.

The analysis models 310 exemplified may predict mate-
rial properties and quality measures of the 3D printed object.
Matenal properties may pertain to the 3D printing material
itself after printing has completed. Part quality measures
may pertain to aspects of the 3D part itself, and may overlap
with material properties.

Material properties predicted may include maximum ten-
sile strength, vield strength, maximum elongation at failure,
porosity and/or density, hardness, fatigue properties, corro-
s10n resistance, resistance to creep, electrical conductivity,
and thermal conductivity.

Part quality measures 330 predicted may include dimen-
sional accuracy, surface fimish, strength, durability, resis-
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tance to corrosion, electrical conductivity, thermal conduc-
tivity, and warp or dimensional instability during, or after the
printing process.

FI1G. 4 1llustrates a flowchart 400 for determining a quality
measure of a 3D object. The steps within the tlowchart of
FIG. 4 may also be used to determine a material property of
a material composing the 3D object.

In a first operation 410, the system obtains a set of printing,
parameters and a predicted state of a 3D object. The printing,
parameters may be obtained from user instructions or selec-
tions within a user interface of a computer software program
for printing 3D objects. They may also be obtained from
mechanical requirements of the 3D printing apparatus or
from environmental conditions prior to commencement of
printing. The predicted state may be generated using at least
the set of printing parameters. The predicted state may be a
state prior to printing, a state following completion of
printing, or an mtermediate state, predicted at a future time
during printing. The predicted state may also be generated
using a set of process measurements, 1f the predicted state
were to be generated following commencement of printing.

In a second operation 420, the system prints the 3D object
in accordance with the printing parameters. The printing
includes bringing a feedstock, which may be a wire com-
prising one or more metals, 1 contact with a support.
Printing may additionally comprise directing flow of current
from the feedstock to the support, or vice-versa, while the
teedstock 1s 1n contact with the support. Both the support
and a print head including the feedstock may be connected
in series with a power supply, which may oriented to supply
a current from the print head to the support or from the
support to the print head.

In a third operation 430, the system may process at least
one of the measured parameters of the 3D object against at
least one predicted parameter, or predicted state, of the 3D
object 1n order to vield the quality measure. The measured
parameter and predicted states are measured before, during,
or after printing of the 3D object. Processing may be
performed using one or more of many types ol analysis
methods, including statistical methods, numerical methods,
and machine learning methods. Processing may be per-
formed multiple times over the course of printing the 3D
object, in order to refine or enhance a quality measure
prediction. The third step may occur at any time during or
after printing. Finally, the system outputs 440 the quality
measure. The quality measure may be presented on an
oscilloscope or another type of measurement device 1n
real-time. The quality measure may also be printed 1n a
report. Quality measures and predictions may be printed at

various stages of 3D printing, and the system may compare

results of printings. The printed report may be generated in
MATLAB, Excel, PDF, or hard copy format.

Terms and Definitions

Unless otherwise defined, all technical terms used herein
have the same meaning as commonly understood by one of
ordinary skill in the art to which this disclosure belongs.

As used herein, the singular forms “a,” “an,” and *“‘the”
include plural references unless the context clearly dictates
otherwise. Any reference to “or” heremn i1s intended to
encompass “‘and/or” unless otherwise stated.

As used herein, the term “about” refers to an amount that
1s near the stated amount by 10%, 3%, or 1%, including
increments therein.
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As used herein, the term “about” in reference to a per-
centage refers to an amount that 1s greater or less the stated

percentage by 10%, 5%, or 1%, including increments
therein.

As used herein, the phrases “at least one”, “one or more”,
and “and/or” are open-ended expressions that are both
conjunctive and disjunctive 1n operation. For example, each
of the expressions “at least one of A, B and C”, *“at least one

of A, B, or C”, “one or more of A, B, and C”, “one or more
of A, B, or C” and “A, B, and/or C” means A alone, B alone,

C alone, A and B together, A and C together, B and C
together, or A, B and C together.

Whenever the term ““at least,” “greater than,” or “greater
than or equal to” precedes the first numerical value i a
series of two or more numerical values, the term “at least,”
“oreater than” or “greater than or equal to” applies to each
of the numerical values 1n that series of numerical values.
For example, greater than or equal to 1, 2, or 3 1s equivalent
to greater than or equal to 1, greater than or equal to 2, or
greater than or equal to 3.

Whenever the term “no more than,” “less than.” or “less
than or equal to” precedes the first numerical value n a
series of two or more numerical values, the term “no more
than,” “less than,” or “less than or equal to” applies to each
ol the numerical values in that series of numerical values.
For example, less than or equal to 3, 2, or 1 1s equivalent to
less than or equal to 3, less than or equal to 2, or less than
or equal to 1.

Computer Systems

The present disclosure provides computer systems that are
programmed to implement methods of the disclosure. FIG.
5 shows a computer system 501 that 1s programmed or
otherwise configured to implement software for generating
instructions to print a 3D object. The computer system 501
can regulate various aspects ol maintaining multiple mstruc-
tion sets ol the present disclosure, such as, for example,
visualizing the 3D object, storing sets of instructions, cre-
ating branching sets of instructions, and maintaining a
hierarchy of object components. The computer system 501
can be an electronic device of a user or a computer system
that 1s remotely located with respect to the electronic device.
The electronic device can be a mobile electronic device.

The computer system 501 includes a central processing
umt (CPU, also “processor” and “computer processor”
herein) 505, which can be a single core or multi core
processor, or a plurality of processors for parallel process-
ing. The computer system 501 also includes memory or
memory location 510 (e.g., random-access memory, read-
only memory, flash memory), electronic storage unit 515
(e.g., hard disk), communication interface 520 (e.g., network
adapter) for communicating with one or more other systems,
and peripheral devices 525, such as cache, other memory,
data storage and/or electronic display adapters. The memory
510, storage unit 513, intertace 520 and peripheral devices
525 are in commumnication with the CPU 505 through a
communication bus (solid lines), such as a motherboard. The
storage unit 515 can be a data storage unit (or data reposi-
tory) for storing data. The computer system 501 can be
operatively coupled to a computer network (“network™) 530
with the aid of the communication interface 520. The
network 530 can be the Internet, an internet and/or extranet,
or an intranet and/or extranet that 1s 1n communication with
the Internet. The network 530 1n some cases 1s a telecom-
munication and/or data network. The network 330 can
include one or more computer servers, which can enable
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distributed computing, such as cloud computing. The net-
work 530, 1n some cases with the aid of the computer system
501, can implement a peer-to-peer network, which may
enable devices coupled to the computer system 501 to
behave as a client or a server.

The CPU 3505 can execute a sequence of machine-read-
able instructions, which can be embodied 1n a program or
software. The 1nstructions may be stored 1n a memory
location, such as the memory 510. The 1nstructions can be
directed to the CPU 505, which can subsequently program
or otherwise configure the CPU 505 to implement methods
of the present disclosure. Examples of operations performed
by the CPU 505 can include fetch, decode, execute, and
writeback.

The CPU 503 can be part of a circuit, such as an integrated
circuit. One or more other components of the system 501 can
be included in the circuit. In some cases, the circuit 1s an
application specific mtegrated circuit (ASIC).

The storage unit 515 can store files, such as drivers,
libraries and saved programs. The storage unit 515 can store
user data, e.g., user preferences and user programs. The
computer system 301 in some cases can include one or more
additional data storage umits that are external to the com-
puter system 501, such as located on a remote server that 1s
in communication with the computer system 301 through an
intranet or the Internet.

The computer system 501 can communicate with one or
more remote computer systems through the network 530.
For instance, the computer system 501 can communicate
with a remote computer system of a user (e.g., another user
of a 3D printer). Examples of remote computer systems
include personal computers (e.g., portable PC), slate or
tablet PC’s (e.g., Apple® 1Pad, Samsung® Galaxy Tab),
telephones, Smart phones (e.g., Apple® 1Phone, Android-
enabled device, Blackberry®), or personal digital assistants.
The user can access the computer system 501 wvia the
network 3530.

Methods as described herein can be implemented by way
of machine (e.g., computer processor) executable code
stored on an electronic storage location of the computer
system 501, such as, for example, on the memory 510 or
clectronic storage unit 515. The machine executable or

machine readable code can be provided in the form of

software. During use, the code can be executed by the
processor 505. In some cases, the code can be retrieved from
the storage unit 1115 and stored on the memory 510 for
ready access by the processor 1105, In some situations, the
clectronic storage unit 5135 can be precluded, and machine-
executable instructions are stored on memory 3510.

The code can be pre-compiled and configured for use with
a machine having a processer adapted to execute the code,
or can be compiled during runtime. The code can be supplied
in a programming language that can be selected to enable the
code to execute 1n a pre-compiled or as-compiled fashion.

Aspects of the systems and methods provided herein, such
as the computer system 1101, can be embodied 1n program-

ming. Various aspects of the technology may be thought of

as “products” or “articles of manufacture” typically n the
form of machine (or processor) executable code and/or
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which may provide non-transitory storage at any time for the
software programming. All or portions of the software may

at times be commumnicated through the Internet or various
other telecommunication networks. Such communications,
for example, may enable loading of the software from one
computer or processor into another, for example, from a
management server or host computer into the computer
plattorm of an application server. Thus, another type of
media that may bear the software elements includes optical,
clectrical and electromagnetic waves, such as used across
physical interfaces between local devices, through wired and
optical landline networks and over various air-links. The
physical elements that carry such waves, such as wired or
wireless links, optical links or the like, also may be consid-
ered as media bearing the soitware. As used herein, unless
restricted to non-transitory, tangible “storage” media, terms
such as computer or machine “readable medium” refer to
any medium that participates 1n providing instructions to a
processor for execution.

Hence, a machine readable medium, such as computer-
executable code, may take many forms, including but not
limited to, a tangible storage medium, a carrier wave
medium or physical transmission medium. Non-volatile
storage media include, for example, optical or magnetic
disks, such as any of the storage devices 1n any computer(s)
or the like, such as may be used to implement the databases,
ctc. shown 1n the drawings. Volatile storage media include
dynamic memory, such as main memory of such a computer
plattorm. Tangible transmission media include coaxial
cables; copper wire and fiber optics, including the wires that
comprise a bus within a computer system. Carrier-wave
transmission media may take the form of electric or elec-
tromagnetic signals, or acoustic or light waves such as those
generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable
media therefore include for example: a floppy disk, a flexible
disk, hard disk, magnetic tape, any other magnetic medium,
a CD-ROM, DVD or DVD-ROM, any other optical
medium, punch cards paper tape, any other physical storage
medium with patterns of holes, a RAM, a ROM, a PROM
and EPROM, a FLASH-EPROM, any other memory chip or
cartridge, a carrier wave transporting data or instructions,
cables or links transporting such a carrier wave, or any other
medium from which a computer may read programming
code and/or data. Many of these forms of computer readable
media may be involved 1n carrying one or more sequences
of one or more instructions to a processor for execution.

The computer system 301 can include or be 1 commu-
nication with an electronic display 5335 that comprises a user
interface (UI) 540 for providing, for example, instructions
for printing a 3D object using a 3D printer. Examples of UI’s
include, without limitation, a graphical user interface (GUI)
and web-based user interface.

Methods and systems of the present disclosure can be
implemented by way of one or more algorithms. An algo-
rithm can be implemented by way of software upon execu-
tion by the central processing unit 505. The algorithm can,
for example, generate 3D printing instructions.

Methods for 3D Printing

Methods and systems of the present disclosure may be
employed for use with various types of three-dimensional
(3D) printing, including bringing a feedstock (e.g., wire) 1n
contact with a support and directing current through the
teedstock to melt (e.g., via Joule heating) the feedstock, to
deposit at least a portion adjacent to the support. Examples
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of methods and systems that may be used to print 3D objects
are provided 1in U.S. Patent Publication No. 2016/0167156,
which 1s entirely 1incorporated herein by reference.

For example, the apparatus 100 of FIG. 1 may print a 3D
object using resistive heating (e.g., Joule heating). In this
example, the 3D object may be printed on a support or a
layer previously deposited over the support by recerving 1n
computer memory a computational representation of the 3D
object. Subsequent to recerving the computational represen-
tation of the 3D object, directing at least one feedstock (e.g.,
wire) through an opeming of a feeder until the feedstock 1s
in contact with the support or the layer previously deposited
over the support. A power supply may be used to tlow
clectrical current through the at least one feedstock and into
the support or the layer previously deposited over the
support. The at least one feedstock may be subjected to Joule
heating upon flow of electrical current through the at least
one feedstock and into the support or the layer previously
deposited over the support, or vice versa. The Joule heating
may be suflicient to melt a portion of the at least one
teedstock. The portion of the at least one feedstock may be
deposited on the support or the layer previously deposited
over the support to yield a layer comprising the portion of
the at least one feedstock. This may be performed while
holding the feedstock 1in contact with and stationary relative
to the support or 1 contact with and while moving the
teedstock or the support relative to one another, such as, for
example, by moving the feedstock parallel to a surface of the
support and/or moving the support relative to the feedstock.
This approach may be repeated one or more times to deposit
one or more additional layers of the at least one feedstock.

For example, metal segments are formed by melting a tip
of a wire with electric current. The wire may have a
substantially circular cross-section, for example, but the
wire may have a cross-section that 1s substantially rectan-
gular, square, or ovular. The diameter (or other lateral
cross-sectional dimension) of the metal wire may be chosen
based on the desired properties of deposition, but may be
from about 0.1 mm to 100 mm, or 0.1 mm to 10 mm, or 0.1
mm to 1 mm, for example. The metal wire may be one
clectrode, and a metallic baseplate of the apparatus may be
1s another electrode. When the wire 1s 1n physical contact
with the baseplate, the two may also be 1n electrical contact.
There may be an electrical resistance between the wire and
baseplate (1.e., contact resistance) due to the relatively small
surface area of the wire and the microscopic imperiections
on the surface of the baseplate and the tip of the wire. The
contact resistance between the wire and baseplate may be
the highest electrical resistance experienced by an electric
current that 1s passed between the two electrodes (1.e., the
wire and baseplate), and the local area at the contact point
1s heated according to Equation 1 (i.e., Joule’s First Law).

O=I"xRxt Equation 1

While preferred embodiments of the present invention
have been shown and described herein, 1t will be obvious to
those skilled 1n the art that such embodiments are provided
by way of example only. It 1s not intended that the invention
be limited by the specific examples provided within the
specification. While the invention has been described with
reference to the aforementioned specification, the descrip-
tions and illustrations of the embodiments herein are not
meant to be construed 1n a limiting sense. Numerous varia-
tions, changes, and substitutions will now occur to those
skilled 1n the art without departing from the invention.
Furthermore, 1t shall be understood that all aspects of the
invention are not limited to the specific depictions, configu-
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rations or relative proportions set forth herein which depend
upon a variety of conditions and variables. It should be
understood that various alternatives to the embodiments of
the invention described herein may be employed in practic-
ing the invention. It i1s therefore contemplated that the
invention shall also cover any such alternatives, modifica-
tions, variations or equivalents. It 1s intended that the
following claims define the scope of the invention and that
methods and structures within the scope of these claims and
their equivalents be covered thereby.

What 1s claimed 1s:

1. A method for printing a three-dimensional (3D) object,
comprising:

obtaining, with a controller, a) a set of printing parameters

and b) a predicted state of a 3D object that 1s based on
at least one printing parameter of said set of printing
parameters, wherein said predicted state of said 3D
object 15 a state of said 3D object during printing, and
wherein said controller 1s configured to extract data
corresponding to successive layers of said 3D object
and to control, in accordance with said data, a mechani-
cal movement system capable of motion 1n one or more
of five or six axes and a wire feeder that positions a
wire;

bringing, with said mechanical movement system and

said wire feeder, said wire adjacent to a support and
directing current to melt said wire and thereby printing
said wire adjacent to said support, in accordance with
said set of printing parameters;

performing a function at multiple times over course of

said printing, said function comprising:

processing a measured parameter of said 3D object
against at least one printing parameter of said set of
printing parameters to determine at least one quality
measure of said 3D object, wherein said at least one
quality measure comprises at least one of: dimen-
sional accuracy, surface finish, strength, warp, and
dimensional instability;

predicting an intermediate printing state of said 3D
object, of a set of predicted intermediate printing
states compiled over the multiple times performing
the

function, based at least 1n part on a still 1mage, video,
or other sensed measurement of said 3D object, as
partially formed, and electromically outputting said at
least one quality measure 1n real-time; and

from said set of predicted intermediate printing states,

determining a final 3D object, wherein said final 3D
object 1s said 3D object after printing.

2. The method of claim 1, wherein said at least one
printing parameter ol said set retlects a deposition path
shape.

3. The method of claim 1, wherein said at least one
printing parameter of said set comprises a printing parameter
that reflects stresses in said final 3D object at a point, a
region, or overall.

4. The method of claam 1, wherein said intermediate
printing state retlects strain in said final 3D object at a point,
a region, or overall.

5. The method of claim 1, wherein said measured param-
cter 1s collected using one or more sensors 1n communica-
tion with said controller.

6. The method of claim 5, wherein said one or more
SeNSOrs Comprises a camera.

7. The method of claim 1, wherein said measured param-
cter 1s based on an 1mage analysis of deposited material.
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8. The method of claim 1, wherein obtaining said inter-
mediate printing state 1s predicted using a computational
model, machine learning, and/or an algorithmic estimator.

9. The method of claim 1, wherein said intermediate
printing state 1s predicted when said wire feeder 1s located at
a particular point or within a particular region of a printing
area.

10. A system for printing a three-dimensional (3D) object,
comprising;

a controller configured to extract data corresponding to
successive layers of a 3D object and to control, 1n
accordance with said data, a mechanical movement
system capable of motion in one or more of five or six
axes and a wire feeder that positions a wire,

at least one computer memory configured to maintain in
memory a set of printing parameters, one or more
predicted states, and at least one measured parameter;

one or more computer processors operatively coupled to

said at least one computer memory, wherein said one or

more computer processors are individually or collec-

tively configured to:

obtain a) said set of printing parameters and b) a
predicted state of said 3D object that 1s based on at
least one printing parameter of said set of printing
parameters, wherein said predicted state of said 3D
object 1s a state of said 3D object during printing;

with said mechanical movement system and said wire
feeder, bring said wire adjacent to a support and
direct current to melt said wire and thereby print said
wire adjacent to said support, in accordance with
said set of printing parameters;

10

15

20

25

30

20

perform a function at multiple times over course of said

printing, said function comprising:

processing a measured parameter of said 3D object
against at least one printing parameter of said set
to determine at least one quality measure of said
3D object, wherein said at least one quality mea-
sure comprises at least one of: dimensional accu-
racy, surface finish, strength, warp, and dimen-
sional 1nstability;

predicting an intermediate printing state of said 3D
object, of a set of predicted intermediate printing
states compiled over the multiple times perform-
ing the function, based at least 1n part on a still
image, video, or other sensed measurement of said
3D object, as partially formed, and

clectronically outputting said at least one quality
measure 1n real-time; and

from said set of predicted intermediate printing states,

determine a final 3D object, wherein said final 3D

object 1s said 3D object after printing.

11. The system of claim 10, further comprising one or
more sensors configured to collect said at least one measured
parameter.

12. The system of claim 11, wherein said one or more
sensors 1s selected from the group consisting of an electronic
force meter, a barometer, a gas meter, a thermometer, a
voltmeter, a multimeter, a camera, and an X-ray unit.

13. The system of claim 10, wherein said one or more
computer processors are individually or collectively config-
ured to process said at least one measured parameter using
an 1mage analysis of deposited materal.
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