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STANDOFF DISTANCE MONITORING AND CONTROL FOR DIRECTED ENERGY
DEPOSITION ADDITIVE MANUFACTURING SYSTEMS

BACKGROUND
[1] Technical Field

[2] Generally, this disclosure relates to directed energy deposition additive

manufacturing systems. More particularly, this disclosure relates to standoff distance
monitoring and control.

[3] Discussion of Related Art

[4] A rapid plasma deposition (RPD™) additive manufacturing system can
host an inert gas environment (e.g. noble gas) containing a wire (e.g. metal) and a
plasma torch. The RPD™ additive manufacturing system additively manufactures a
workpiece (e.g. aerostructure) based on the plasma torch controllably directing a
plasma arc at the wire and the plasma arc melting the wire to form the workpiece,
layer-by-layer, as the workpiece is controllably moved past the plasma torch or vice
versa within the inert gas environment.

[5] During such operations, a standoff distance (e.g. along vertical axis) is
maintained between the plasma torch and the workpiece. The standoff distance
determines the plasma arc resistance and thereby the plasma arc power and
characteristics (e.g. for constant plasma arc current supplied by constant current
power supply). Although larger standoff distances produce higher arc voltages, at
least some energy transferred to the workpiece is reduced due to a radiative and
convective heat transfer along the plasma arc. The standoff distance statically
ranges between a lower limit given by equipment set-up (e.g. physical equipment
constraints) and an upper limit given by reduced power input to the workpiece (e.g.
improper wire melting).

[6] There are various factors which may lead to standoff distance deviations.
Some of such factors include substrate distortion, uneven deposit surface (e.g. due
to wire movement), uneven workpiece height step, workpiece features (e.g. joints,
ends, intersections), and other complex process variations. Although the standoff
distance can be indirectly controlled based on voltage measurements by maintaining
a constant voltage, this technique is technologically disadvantageous due to various
factors. Some of such factors include voltage measurements that are very noisy and

highly sensitive to variations (e.g. gas flow, electrode mechanical or material
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configuration, equipment variations, or workpiece geometric variations). Resultantly,
controlling the standoff distance indirectly based on the voltage measurements
introduces standoff distance errors that cumulatively add up over workpiece layers,

thereby negatively affecting workpiece quality.

SUMMARY
[7] Accordingly, disclosed herein are various technologies for directed energy
deposition (e.g. RPD™) additive manufacturing systems that enable standoff
distance monitoring and control, which can be responsive, dynamic, and/or in real-
time. These technologies can use a standoff distance measurement system, such as
a laser triangulation system or a laser line scanner (LLS), to real-time monitor, read,
or interrogate a workpiece (e.g. bead profile, workpiece shape) or a substrate on
which the workpiece is positioned, as the workpiece is moved (e.g. via substrate)
past a directed energy source (e.g. plasma torch), or vice versa. Note that other
optical measurement techniques, such as time of flight, confocal, chromatic confocal,
interferometry, shape from shading, depth from focus/defocus, Lidar, alone or in
combination with illuminations, such as fringe projection, pattern projection (e.g. line,
multi-line, multi-spot) of different wavelengths, such as infrared, visible, UV, X-Ray,
and non-optical methods, such as sonar, ultrasonic readers or interrogators, can be
supplementally or alternatively used to real-time monitor, read, or interrogate the
workpiece (e.g. bead profile, workpiece shape) or the substrate on which the
workpiece is positioned, as the workpiece is moved (e.g. via substrate) past the
directed energy source (e.g. plasma torch), or vice versa. These technologies can
use a feedback controller to responsively and dynamically control the standoff
distance (e.g. raise or lower directed energy source relative to workpiece or vice
versa) in real-time based on data from the standoff distance measurement system,
such as the laser triangulation system or the laser line scanner (although other
optical measurement techniques, such as time of flight, confocal, chromatic confocal,
interferometry, shape from shading, depth from focus/defocus, Lidar, alone or in
combination with illuminations, such as fringe projection, pattern projection (e.g. line,
multi-line, multi-spot) of different wavelengths, such as infrared, visible, UV, X-Ray,
and non-optical methods, such as sonar, ultrasonic readers or interrogators, can be
supplementally or alternatively used. Therefore, these technologies eliminate at least

some technical limitations associated with an industry standard of using voltage-
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based measurements. Moreover, these technologies can enable automatic
measurement, evaluation, and responsive and dynamic control in real-time of the
standoff distance during additive manufacturing of workpieces (e.g. aerostructures,
marine structures, vehicular parts, medical devices, firearms, cutlery) via metals (e.qg.
titanium, aluminum) or metal alloys (e.g. TiBAI4V, Inconel variants, etc.) using
plasma arcs (e.g. RPD™) or other forms of directed energy.

[8] An advantage of these technologies is to have an objective inline/in-situ
automated system for standoff distance responsive and dynamic control in real-time
that provides at least some consistent plasma arc (or other forms of directed energy)
characteristics, such as power, pressure, shape, and energy distribution across
machines and over time, reduces scrap rate, enables early detection of
unacceptable deviations, shortens part development cycle, and others. Also, these
technologies enable standoff distance control that is more robust, faster, and
objective compared to a subjective human operator manual adjustment where such
adjustment can be based on visual feedback. Likewise, these technologies enable
standoff distance control that is usually more precise and faster compared to a
robotic arm welding because of automated standoff distance control based on
movement (e.g. vertical) of the directed energy source relative to the substrate, or
vice versa. Note that these technologies can be used with any type of motion system
(e.g. computer numerical control, robot manipulators).

[9] Additional features and advantages of these technologies will be set forth
in a detailed description which follows, and in part will be apparent from a detailed
description below, or can be learned by practice of this disclosure. Various objectives
and other advantages of this disclosure will be realized and attained by a structure
particularly pointed out in the detailed description and claims hereof as well as in a
set of appended drawings.

[10] To achieve these and other advantages and in accordance with a purpose
of this disclosure, as embodied and broadly described, a directed energy deposition
additive manufacturing system comprises: a logic, a standoff distance measurement
unit, a substrate, a torch, a feed unit, a material, and a mover, wherein logic causes
the feed unit to output the material and the torch to output a plasma such that the
plasma melts the material onto the substrate and a workpiece is thereby additively
manufactured on the substrate, wherein the workpiece has a geometric profile,

wherein the torch is vertically spaced apart from the workpiece such that a standoff
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distance is defined, wherein the logic causes the standoff distance measurement unit
to monitor the geometric profile while the workpiece is being additively manufactured
such that the logic causes the mover to move at least one of the torch relative to the
substrate or the substrate relative to the torch in order to maintain the standoff
distance.

[11] To achieve these and other advantages and in accordance with a purpose
of this disclosure, as embodied and broadly described, a method for additive
manufacturing, the method comprises outputting a material; outputting a plasma via
a torch; melting the material via the plasma such that a workpiece is additively
manufactured on a substrate, wherein the workpiece has a geometric profile,
wherein the torch is vertically spaced apart from the workpiece such that a standoff
distance is defined; monitoring the geometric profile while the workpiece is being
additively manufactured such that a mover can move at least one of the torch
relative to the substrate or the substrate relative to the torch in order to maintain the
standoff distance.

[12] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to

provide further explanation of claims, as further recited below.

DESCRIPTION OF DRAWINGS

[13] The set of appended drawings, which are included to provide a further

understanding of this disclosure and are incorporated in and constitute a part of this
specification, illustrate embodiments of this disclosure and together with the detailed
description serve to explain various principles of this disclosure.

[14] In the set of appended drawings:

[15] FIG. 1 shows an embodiment of a directed energy deposition additive
manufacturing system inclusive of a laser line scanner reading a substrate and a
geometric profile of a workpiece on the substrate in accordance with this disclosure.
[16] FIG. 2 shows an embodiment of a directed energy deposition process flow
in accordance with this disclosure.

[17] FIG. 3 shows an embodiment of a directed energy deposition process flow
in accordance with this disclosure.

[18] FIG. 4 shows an embodiment of a substrate supporting a workpiece in

accordance with this disclosure.
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[19] FIG. 5 shows an embodiment of a block diagram of a directed energy
deposition additive manufacturing system inclusive of a laser line scanner reading a
geometric profile of a workpiece on a substrate in accordance with this disclosure.
[20] FIG. 6 shows an embodiment of a diagram for a laser line scanner system
in accordance with this disclosure.

[21] FIG. 7 shows an embodiment of a diagram for a laser line scanner system
in accordance with this disclosure.

[22] FIG. 8 shows an embodiment of a substrate supporting a workpiece and a
set of information relevant for data validation and grid spacing in accordance with
this disclosure.

[23] FIG. 9 shows an embodiment of a diagram for a control block in
accordance with this disclosure.

[24] FIG. 10 shows an embodiment of a diagram for a control block in
accordance with this disclosure.

[25] FIG. 11 shows an embodiment of a plurality of scenarios for standoff
monitoring and control in accordance with this disclosure.

[26] FIG. 12 shows an embodiment of a margin around a plurality of edges of a
substrate where there is an increased risk of collision with tool head in accordance
with this disclosure.

[27] FIG. 13 shows an embodiment of a technique for minimizing a risk of
collision or avoiding a collision with a clamp clamping a substrate in accordance with

this disclosure.

DETAILED DESCRIPTION OF ILLUSTRATED EMBODIMENTS

[28] This disclosure is now described more fully with reference to the set of

accompanying drawings, in which some embodiments of this disclosure are shown.
This disclosure can, however, be embodied in many different forms and should not
be construed as necessarily being limited to the embodiments disclosed herein.
Rather, these embodiments are provided so that this disclosure is thorough and
complete, and fully conveys various concepts of this disclosure to skilled artisans.
Reference will now be made in detail to the embodiments of this disclosure, and
examples of which are illustrated in the set of appended drawings.

[29] FIG. 1 shows an embodiment of a directed energy deposition additive

manufacturing system inclusive of a laser line scanner reading a substrate and a
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geometric profile of a workpiece on the substrate in accordance with this disclosure.
In particular, a directed energy deposition (e.g. RPD™) additive manufacturing
system 100 includes a workpiece 118 and a substrate 102 supporting the workpiece
118. Note that the workpiece 118 may not be mounted on or positioned on or resting
on the substrate 102 (e.g. another workpiece functions as substrate 102). For
example, the workpiece 118 does not have to be a plate (substrate 102) and can be,
for example, a forged part, a printed part, or part made with any other technology
(e.g. additive manufacturing, subtractive manufacturing). For example, starting a
deposition on a plate (substrate 102) is not a must and is optional. For example,
another workpiece or a part can function as the substrate 102.

[30] The directed energy deposition additive manufacturing system 100
includes a controller 119, a wire source 104 (connected to a wire feeding system)
controlled (e.g. wired, wireless, waveguide) by the controller 119, a directed energy
source 106 (e.g. plasma torch) controlled by the controller 119 (e.g. wired, wireless,
waveguide), a directed energy source 110 (e.g. plasma torch) controlled by the
controller (e.g. wired, wireless, waveguide), and a laser line scanner (LLS) 112 (or
another form of a standoff distance measurement system) controlled by the
controller 119 (e.g. wired, wireless, waveguide).

[31] The controller 119 can be a programmable logic controller (PLC), an
industrial PC (IPC), or others. For example, the PLC can be a master PLC. The
directed energy source 106 can be a primary directed energy source, whereas the
directed energy source 110 can be a secondary directed energy source. The LLS
112 can include a laser source generating a laser beam and an optical camera
reading a plurality of reflections from the laser beam. The directed energy source
106 hosts an electrode 108. The LLS 112, which can be pre-calibrated, projects a
laser pattern 114 onto the workpiece 118 and the substrate 102. The laser pattern
114 can be projected via the laser source. The substrate 102 is moving in a 3-
dimensional space.

[32] Various components of the directed energy deposition additive
manufacturing system 100 can be omitted, replaced, or supplemented. For example,
the LLS 112 can be supplemented or replaced by other optical measurement
techniques, such as time of flight, confocal, chromatic confocal, interferometry,
shape from shading, depth from focus/defocus, Lidar, alone or in combination with

illuminations, such as fringe projection, pattern projection (e.g. line, multi-line, multi
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spot, random spots, random patterns, gradient patterns) of different wavelengths,
such as infrared, visible, UV, X-Ray, and non-optical methods such as sonar,
ultrasonic readers or other interrogators. Likewise, the directed energy source 110 or
the directed energy source 106 hosting the electrode 108 can be supplemented or
replaced by other energy output devices (e.g. flame torches) or forms of directed
energy (e.g. thermal, acoustic, electrical). Similarly, the directed energy source 110
can be omitted (can be optionally included). Moreover, the wire source 104 can be
supplemented or replaced by other material feeders (e.g. nozzles).

[33] The directed energy source 106 hosting the electrode 108 can be a
primary energy source generating a directed energy (e.g. plasma arc) toward the
substrate 102 in operational proximity of the wire source 104. The directed energy
can be transferred from the electrode 108 to the wire from the wire source 104 or the
directed energy can optionally be transferred from the electrode 108 to the substrate
102 or both simultaneously (e.g. using multiple plasma arcs). The directed energy
source 106 can be stationary or movable (e.g. horizontally, vertically) relative to the
wire source 104or vice versa. The wire source 104 can be stationary or movable
(e.g. horizontally, vertically) relative to the directed energy source 106, or vice versa.
The substrate 102 can be stationary or movable (e.g. horizontally, vertically) relative
to the wire source 104 or the directed energy source 106 or vice versa. For example,
the substrate 102 can be moving in a direction along a horizontal axis relative to the
wire source 104 and the directed energy source 106. When included, the directed
energy source 110 can include an electrode (or another energy output support
device), which can be a preheater electrode (or another energy output support
device) preheating the substrate 102, which may be relatively cool, before additive
manufacturing of the workpiece 118 begins via the directed energy source 106 and
the wire source 104. When included, the directed energy source 110 can be
positioned between the LLS 112 and the directed energy source 106 along the
horizontal axis.

[34] The substrate 102 is moving in the 3-dimensional space relative to the
wire source 104, the directed energy source 106, the directed energy source 110,
and the LLS 112. The wire source 104 sources a wire (e.g. metals, titanium,
aluminum, steel, etc. metal alloys, Ti6AI4V, Inconel variants) over the substrate 102
such that the directed energy source 106 hosting the electrode 108 generates the

plasma arc that melts the wire over the substrate 102, while the substrate 102 is
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moving in the 3-dimensional space, such that a plurality of droplets are formed from
the wire being melted via the directed energy (e.g. plasma arc) such that the
droplets are deposited, positioned, layered, cascaded, or fall onto the substrate 102
or pre-loaded workpiece 118 in order to additively form or additively extend the
workpiece 118, layer-by-layer. For example, the workpiece 118 does not have to be
a plate (substrate 102) and can be, for example, a forged part, a printed part, or part
made with any other technology (e.g. additive manufacturing, subtractive
manufacturing). For example, starting a deposition on a plate (substrate 102) is not a
must and is optional. For example, another workpiece or a part can function as the
substrate 102.

[35] Since the workpiece 118 has a geometric profile, which can be vertically or
horizontally varying or geometrically contoured or vertically or horizontally contoured,
the LLS 112 projects the laser pattern 114 onto the geometric profile of the
workpiece 118, which may or may not be supported by the substrate 102 such that
the LLS 112 optically illuminates the geometric profile of the workpiece 118 and/or
the substrate 102, which can be in at least some bottom layers of the substrate 102.
The LLS 112 can then employ the camera to read the reflections from the laser
patter 114. At some point in time, the substrate 102 can become a part of the
workpiece 118 when the substrate 102 is used as a base of the workpiece 118 (e.g.
print on forge). For example, the workpiece 118 does not have to be a plate
(substrate 102) and can be, for example, a forged part, a printed part, or part made
with any other technology (e.g. additive manufacturing, subtractive manufacturing).
For example, starting a deposition on a plate (substrate 102) is not a must and is
optional. For example, another workpiece or a part can function as the substrate
102.

[36] More than one LLS 112 can be used (e.g. optically read substrate 102
and/or geometric profile of the workpiece 118 from another view or angle). For
example, the laser patterns 114 can be perpendicular to each other, parallel to each
other, or L-shaped, or U-shaped, or O-shaped, patterns can be single line, multi-line,
single spot, multi spot, random spots, random patterns, pulsed, non-pulsed, or
others. For example, more than one LLS 112 can be used depending on different
scenarios, different read offsets both along X and Y from a leading tip of the
electrode 108 might be required when measuring the standoff distance (also see

FIG. 11). Moreover, when the directed energy deposition additive manufacturing
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system 100 involves plasma arcs, since the plasma arcs may have an impact on
quality of measurements of the LLS 112, then at least some measurements or
calibrations of the LLS 112 can be made when plasma arcs are off to avoid
measurement inaccuracies.

[37] Within the directed energy deposition additive manufacturing system 100,
a standoff distance can be measured between a tool center point and a point on the
workpiece 118 along the vertical axis. The tool center point (TCP) can both be
defined statically based on tool mechanics (e.g. tip of the electrode 108, or point at
end at origin of directed energy source (e.g. plasma arc)) or offsetted dynamically
(e.g. computed in real-time based on process variables, such as wire speed, arc
angle, deflection, shape in a scenario where necessary to offset point of interest to
section where droplets meet workpiece 118 rather than under electrode tip). Without
loss of generality, this point is referred interchangeably as TCP or DTCP hence forth.
[38] For instance, the standoff distance can be measured inclusively less than
about 100 millimeters, 90 millimeters, 80 millimeters, 70 millimeters, 60 millimeters,
50 millimeters, 40 millimeters, 30 millimeters, 20 millimeters, 10 millimeters, and
inclusive of any values in between (e.g. about every 1, 2, 3, 4, 5, 6, 7, 8 or 9
millimeters) although values greater than 100 millimeters (e.g. about 125, 150, 200,
225, 250, 300 millimeters or more) are possible inclusive of various orders of
magnitude greater e.g. centimeters, decimeters, meters). The workpiece 118 and or
substrate 102 can be moved in the 3d space using an X-axis (e.g. length), a Y-axis
(e.g. depth), a Z-axis (e.g. height), a C-Axis (e.g. rotation XY plane), a B-Axes
Rotation (e.g. XZ or YZ planes), without loss of generality, the vertical axis can be
referred to as the Z-axis. The geometric profile of the workpiece 118 can vary along
the X-axis, the Y-axis, or the Z-axis, whether gradually or suddenly. When the
directed energy deposition additive manufacturing system 100 avoids the electrode
108 or supplements the electrode 108 with another energy output device (e.g. flame
torch), then the standoff distance can be measured between the DTCP (e.g. central
portion) of the energy output device and the workpiece 118 along the vertical axis.
For example, the DTCP can be vertically above and in a same Z plane as an
electrode tip or other energy support device above a point where at least some
droplets land.

[39] The standoff distance can be dynamically maintained within various

defined limits to achieve consistent plasma arcing conditions (e.g. voltage, power,
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temperature distribution) from the electrode 108. As such, the directed energy
deposition additive manufacturing system 100 includes a standoff distance
monitoring and control system, as further described below, that enables an
automatic measurement and responsive and dynamic control in real-time of the
standoff distance via a vertical movement of the electrode 108 (e.g. up, down,
toward workpiece 118 or substrate 102, away from workpiece 118 or substrate 102)
relative to an extracted point from a section on the substrate 102 below the
TCP/DTCP or an extracted point from a section on the geometric profile of the
workpiece 118 below the TCP/DTCP. For example, the directed energy source 106,
together with the electrode 108, can vertically move relative to the extracted point
from the section on the substrate 102 below the TCP/DTCP or the extracted point
from the section on the geometric profile of the workpiece 118 below the TCP/DTCP
as the substrate 102 moves the workpiece 118 in the 3D space. Note that a vice
versa configuration is possible (e.g. substrate 102 is vertically moved up or down
relative to directed energy source 106 or electrode 108).

[40] The directed energy deposition additive manufacturing system 100 runs
an RPD™ program (e.g. executable code, list of numerical control (NC) values,
markup code, delimited text, populated spreadsheet) which among others sets
various parameters of the standoff distance monitoring and control system, such as
standoff distance set point, set value trajectories, control modes, control enable,
measurement offsets, read offsets, or others. The standoff distance monitoring and
control system responsively and dynamically in real-time maintains the standoff
distance between the TCP/DTCP and a highest point on the workpiece 118 below
the TCP/DTCP, based on the geometric profile of the workpiece 118, or a lowest
point of the workpiece 118, based on the geometric of the workpiece 118, or an
average of the highest and lowest points of the workpiece 118, based on the
geometric profile of the workpiece 118, within a specific region centered around
various specified read offsets. The standoff distance monitoring and control system
is able to dynamically and responsively maintain in real-time or dynamically and
responsively adjust in real-time the standoff distance based on the LLS 112 optically
reading (e.g. camera reading laser beam reflections) the substrate 102 and the
workpiece 118, via the laser pattern 114 laterally extending along or traversing the
substrate 102 and the workpiece 118, and then vertically moving the electrode 108

relative to the substrate 102 or the geometric profile of the workpiece 118
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dynamically responsive to the geometric profile of the workpiece 118 satisfying or not
satisfying a predefined threshold (e.g. set numerical value) associated with the
standoff distance (e.g. inclusively less than about 100 millimeters, 90 millimeters, 80
millimeters, 70 millimeters, 60 millimeters, 50 millimeters, 40 millimeters, 30
millimeters, 20 millimeters, 10 millimeters, and inclusive of any values in between
(e.g. about every 1, 2, 3, 4, 5, 6, 7, 8, or 9 millimeters) although values greater than
100 millimeters (e.g. about 125, 150, 200, 225, 250, 300 millimeters or more) are
possible inclusive of various orders of magnitude greater e.g. centimeters,
decimeters, meters). Note that vice versa configuration is possible (e.g. substrate
102 is vertically moved relative to directed energy source 106). For example, the
laser pattern 114 can be perpendicular to a bead cross-section forming the
workpiece 118 and a central portion of the laser pattern 114 can be a point of
interest for a height measurement. Note that the laser pattern 114 can be projected
dynamically below the TCP/DTCP at a point of interest for distance measurement, at
a fixed position ahead of the TCP, or at a fixed position behind the TCP. In a
scenario, where the laser pattern 114 is not exactly below the TCP/DTCP, the
extracted standoff distance data need to be attached with workpiece position
information and to be stored (e.g. buffered in grid), so that a standoff control system
can retrieve at least some values from a storage (e.g. memory) when the TCP/DTCP
is at the point of interest to maintain the standoff distance.

[41] The standoff distance monitoring and control system uses the LLS 112 (or
another laser based triangulation system), which is mounted such that the directed
energy source 110 is positioned between the LLS 112 and the directed energy
source 106 along the horizontal axis, to optically measure the standoff distance and,
if necessary, then responsively and dynamically in real-time cause a positioning
system or a mover (e.g. motor, engine, actuator, mechanical linkage, gear
mechanism, pulley mechanism, hydraulic mechanism, pneumatic mechanism) to
vertically move the electrode 108 along the Z-axis (e.g. up, down) relative to the
substrate 102 or the workpiece 118. This functionality enables the mover
dynamically and responsively keep, maintain, or adjust in real-time the standoff
distance via a control function which runs on a controller (e.g. PLC, IPC) of the
directed energy deposition additive manufacturing system 100. For example, the
PLC can be a master PLC. Note that a vice versa configuration is possible (e.g.

substrate 102 is vertically moved by mover relative to directed energy source 106).
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[42] Note that the directed energy deposition additive manufacturing system
100 can be embodied as disclosed in US Patent Application 15/206163 and US
Patents 7301120, 7326377, 9346116, and 9481931, all of which are hereby fully
incorporated by reference herein for all purposes. For example, the directed energy
deposition additive manufacturing system 100 can receive a file of a design of the
workpiece 118, such as a computer-aided design (CAD) file or others, and a spool of
the wire via the wire source 104, such as the wire including titanium or others, and
produce the workpiece 118, which can be aerospace-grade or others, based on a
specific workpiece geometry, as extracted from the file of the design of the
workpiece 118. For example, the directed energy deposition additive manufacturing
system 100 can include a chamber filled with an inert gas, such as argon, helium,
xenon, krypton, or combinations thereof. As such, the substrate 102, the wire source
104, the directed energy source 106, the electrode 108, the directed energy source
110, the laser line scanner 112, the laser pattern 114, and the workpiece 118 can be
positioned within the chamber.

[43] In one mode of operation, the standoff distance can be a distance between
the DTCP to the workpiece 118 along the vertical direction. The standoff distance is
kept within defined limits to achieve consistent arcing conditions. The standoff
monitoring and control system enables automatic measurement and control of the
standoff distance. Note that an RPD™ program defines various parameters of the
directed energy deposition additive manufacturing system 100 (e.g. standoff distance
set point, control modes, control enable, measurement offsets, read offsets). The
directed energy deposition additive manufacturing system 100 then keeps the
standoff distance between the DTCP and a highest or a lowest point on the
workpiece 118 within a specific region centered around some specified read offsets.
The directed energy deposition additive manufacturing system 100 uses the LLS 112
mounted in front of the electrode 108 to measure the standoff distance and uses the
mover to keep the standoff distance with a help of a control function which runs on a
master logic controller of the directed energy deposition additive manufacturing
system 100.

[44] In one mode of operation, the directed energy deposition additive
manufacturing system 100 can be configured for standoff monitoring and control in
layer O (measurements are to be made on the substrate) and based on a small

average distance (around about 0-10mm in length) at start of a string before
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deposition. The directed energy deposition additive manufacturing system 100 can
be configured for standoff monitoring and control over an entire deposition length of
strings, either with arc on or by scanning when returning to deposit a next string
(without major impact on the part deposition schedule or process). The directed
energy deposition additive manufacturing system 100 can be configured for inline
shape monitoring and standoff estimation. This can be done based on a model of the
bead/string including overlaps and laser measurements, while providing a user
interface to monitor and find deviations from model and log the entire shape of the
deposited strings.

[45] FIG. 2 shows an embodiment of a directed energy deposition process flow
in accordance with this disclosure. In particular, a directed energy deposition process
200 includes a plurality of inputs 202 (e.g. wire, substrate, noble gas) being input into
a directed energy deposition (e.g. RPD™) additive manufacturing machine 204
which in response outputs a plurality of outputs 206 inclusive of a workpiece 224 and
a process machine readable log 226 (e.g. data structure, file). Also, the directed
energy deposition additive manufacturing machine 204 receives an RPD™ program
214 (e.g. NC commands, executable code, list of numerical values, markup code,
delimited text, populated spreadsheet) from a graphical conversion software
application 212 that converts a computer-aided design (CAD) file 210 (e.g.
multidimensional illustration of object to be additively manufactured) into the RPD™
program 214. The graphical conversion software application 212 is linked or in
communication with a data source 208 (e.g. database, data structure, software
application, function, API) that sources (e.g. wired, waveguide, wirelessly) a set of
directed energy deposition (e.g. RPD™) additive manufacturing process knowledge
data (e.g. machine settings, deposition parameters) to the graphical conversion
software application 212 in order to assist the graphical conversion software
application 212 to convert the CAD file 210 into the RPD™ program 214,

[46] Within the directed energy deposition additive manufacturing machine 204,
the RPD™ program 214 is input into a logic controller 216 (e.g. PLC), which controls
a directed energy deposition (e.g. RPD™) additive manufacturing process 218 that
results in the workpiece 224. Note that the directed energy deposition additive
manufacturing machine 204 hosts the logic controller 216. During the directed
energy deposition additive manufacturing process 218, the logic controller 216

performs a parameter monitoring process 220 and a parameter control process 222,
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which assist the directed energy deposition additive manufacturing process 218 to
manufacture the workpiece 224.

[47] One of several ways that the parameter monitoring process 220 and the
parameter control process 222 assist the directed energy deposition additive
manufacturing process 218 may be by employing the standoff distance monitoring
and control system, which responsively and dynamically in real-time maintains or
controls the standoff distance between the DTCP of the electrode 108 and a highest
point of the workpiece 118, based on the geometric profile of the workpiece 118, or a
lowest point of the workpiece 118, based on the geometric profile of the workpiece
118, within a specific region centered around various specified read offsets. The
standoff distance monitoring and control system is able to dynamically and
responsively keep in real-time or dynamically and responsively adjust in real-time the
standoff distance based on the LLS 112 optically reading the substrate 102 and the
workpiece 118, via the laser pattern 114 laterally extending along or traversing the
substrate 102 and the workpiece 118, and then vertically moving (e.g. up, down) the
electrode 108 relative to the substrate 102 or the geometric profile of the workpiece
118 dynamically responsive to the geometric profile of the workpiece 118 satisfying
or not satisfying a predefined threshold (e.g. numerical value) associated with the
standoff distance (e.g. inclusively less than about 100 millimeters, 90 millimeters, 80
millimeters, 70 millimeters, 60 millimeters, 50 millimeters, 40 millimeters, 30
millimeters, 20 millimeters, 10 millimeters, and inclusive of any values in between
(e.g. about every 1, 2, 3, 4, 5, 6, 7, 8, or 9 millimeters) although values greater than
100 millimeters (e.g. about 125, 150, 200, 225, 250, 300 millimeters or more) are
possible inclusive of various orders of magnitude greater e.g. centimeters,
decimeters, meters). As such, the logic controller 216 dynamically and responsively
keeps, maintains, or adjusts the standoff distance (e.g. feedback iterative
processing) based on the parameter monitoring process 220 and the parameter
control process 222.

[48] FIG. 3 shows an embodiment of a directed energy deposition process flow
in accordance with this disclosure. In particular, the directed energy deposition
process 200 shows how a process monitoring technique 230 feeds to a process
control technique 228, which in turn feeds the logic controller 216. The process
monitoring technique 230 monitors the directed energy deposition additive

manufacturing process 218 based on the standoff distance monitoring and control
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system. For example, the process monitoring technique 230 can include the LLS 112
optically reading the substrate 102 or the varying profile of the workpiece 118 via the
laser pattern 114 laterally extending along or traversing the substrate 102 and the
workpiece 118.

[49] If the process monitoring technique 230 determines that the standoff
distance regulation, control, maintenance, or adjustment, which can be dynamic,
responsive, and in real-time, is not feasible (e.g. large standoff distance deviation,
unable to correct or timely correct standoff distance deviation), then the process
monitoring technique 230 logs an error to the process machine readable log 226 and
not additively manufacture the workpiece 118. Otherwise, if the process monitoring
technique 230 determines that the standoff distance maintenance or adjustment,
which can be dynamic, responsive, and in real-time, is feasible, then the process
monitoring technique 230 communicates with the process control technique 228 and
timely informs the process control technique of various parameters or characteristics
of the directed energy deposition additive manufacturing machine 204 that can be
timely adjusted (e.g. standoff distance control, mover movement parameter, wire-in-
arc control). Then, the process control technique 228 communicates with the logic
controller 216 such that the logic controller 216 can timely act based on the various
parameters or characteristics of the directed energy deposition additive
manufacturing machine 204 that can be timely adjusted. For example, the logic
controller 216 can communicate with a mover (e.g. motor, engine, actuator,
mechanical linkage, gear mechanism, pulley mechanism, hydraulic mechanism,
pneumatic mechanism) coupled to the electrode 108 such that the mover timely
moves (e.g. vertically) the electrode 108 relative to the geometric profile of the
workpiece 118 or the substrate 102 along the Z-axis (e.g. up, down). For example,
the mover can timely move (e.g. vertically) the electrode in a smooth manner, while
avoiding sudden or jerky movements, which may be undesired. This functionality
enables the mover dynamically and responsively keep in real-time the standoff
distance via the control function running on the logic controller 216.

[50] FIG. 4 shows an embodiment of a substrate supporting a workpiece in
accordance with this disclosure. In particular, the substrate 102 or the workpiece 118
can be structured, whether longitudinally or laterally, in various ways to warrant
controlling of the standoff distance between the electrode 108 and the workpiece

118. For example, the workpiece 118 can have distortion, especially for double sided
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parts, uneven string surface, uneven height steps, features (e.g. start feature, end
feature, joints). Likewise, the substrate 102 can avoid being flat (e.g. longitudinally,
laterally) and may have its opposing ends curving upwards toward each other (e.g.
longitudinally, laterally). For example, the substrate 102 may not be flat (e.g. rising
slope end portion) or the workpiece 118 may having an increasing or decreasing
slope (e.g. features) and the LLS 112 can optically read the substrate 102 that is not
flat or the increasing or decreasing slope and gradually move (e.g. vertically upwards
away from or vertically downward towards the substrate 102 or the workpiece 118)
the electrode 108 to dynamically and smoothly maintain the standoff distance, as
preset in advance. Such timely and gradual move may be in advance or well before
the electrode 108 is positioned over that point (e.g. over which wire melting occurs)
of the substrate 102 or the workpiece 118, otherwise, may be too late by time that
point of the substrate 102 or the workpiece 118 is positioned under the electrode 108
to maintain the standoff distance gradually (e.g. may involve sudden or jerky
movements which may be undesired) or at all. Similar processing would apply when
the substrate 102 (e.g. decreasing slope end portion) or the workpiece 118 may
have a decreasing slope (e.g. features).

[51] FIG. 5 shows an embodiment of a block diagram of a directed energy
deposition additive manufacturing system inclusive of a laser line scanner reading a
geometric profile of a workpiece on a substrate in accordance with this disclosure. In
particular, a directed energy deposition (e.g. RPD™) additive manufacturing system
500 includes the LLC 112, a data validation logic 502, a grid spacing logic 504, an
RPD™ program 506, an operator human machine interface (HMI) 508, a control
logic 510, a Z-axis drive logic 512, an integrated position sensor 514 (e.g. Bosch
Integrated Measuring System (IMS) version), a workpiece-coordinate-system (WCS)
logic 516, and a processor 518 (e.g. single core, multicore, PLC, circuit, printed
circuit board).

[52] The RPD™ program 506 (e.g. executable code, list of numerical control
(NC) values, markup code, delimited text, populated spreadsheet) contains various
directed energy deposition additive manufacturing system settings (e.g. maintain
specified standoff distance) and the operator HMI 508 is programmed to provide a
user interface (e.g. analog, digital) that is able to override the RPD™ program 506, if

necessary, while the RPD™ program 506 is being executed on the logic controller
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214. This override can be in real-time, while the workpiece 118 is being additively
manufactured via the directed energy deposition additive manufacturing system 500.
[53] Once the directed energy deposition additive manufacturing system 500
reads the RPD™ program 506 and the operator HMI 508 has not overridden the
RPD™ program 506, the directed energy deposition additive manufacturing system
500 additively manufactures the workpiece 118 on the substrate 102 via the
electrode 106 directing the plasma arc at the wire being sourced from the wire
source 104, while the substrate 102 is moving in the 3-dimensional space relative to
the wire source 104, the directed energy source 106, the directed energy source
110, and the LLS 112. The wire source 104 sources (e.g. unspool, feed) the wire
(e.g. metal, alloy, titanium, aluminum, steel) over the substrate 102 such that the
electrode 108 generates the plasma arc that melts the wire over the substrate 102,
while the substrate 102 is moving in the 3-dimensional space, such that the droplets
are formed from the wire being melted via the plasma arc (or any other relevant
energy source) and such that the droplets are deposited, positioned, layered,
cascaded, or fall onto the substrate 102 in order to additively form the workpiece
118, layer-by-layer. Since the workpiece 118 has the geometric profile, the LLS 112
outputs the laser pattern 114 over the substrate 102 and the geometric profile of the
workpiece 118 such that the LLS 112 optically reads the substrate 102 and the
geometric profile of the workpiece 118 and generates a set of readings (e.g.
workpiece profile, workpiece height, workpiece width) accordingly. The set of
readings can be filtered, saturated, and smoothed, as further explained below.

[54] The LLS 112 feeds the set of readings into the data validation logic 502
(e.g. hardware circuit, software function, API) which compares (e.g. serially,
concurrently) the set of readings from the LLS 112 with a set of expected values for
that workpiece 118 in order to validate the set of readings. The set of expected
values can be sourced from a data structure (e.g. array) populated based on a user
input from the operator HMI 508. For example, comparing the set of readings from
the LLS 112 with the set of expected values for that workpiece 118 can include
filtering the set of readings based on a set of expected parameters, criteria, ranges,
or thresholds for the workpiece 118 or the geometric profile of the substrate 102. If
the data validation logic 502 is able to validate the set of readings from the LLS 112,
then the data validation logic 502 inputs the set of readings into the grid spacing

logic 504 (e.g. hardware circuit, software function, API) which converts the set of

17



WO 2021/001429 PCT/EP2020/068534

readings into an array or grid (e.g. two-dimensional, three-dimensional)
corresponding (e.g. dimensionally shaped) to the workpiece 118. The grid spacing
logic 504 feeds the array or grid to the control logic 510 (e.g. hardware circuit,
software function, API).

[55] The Z-axis drive logic 512 is coupled (e.g. wired, wirelessly, electrically,
mechanically) to the mover (e.g. motor, engine, actuator, mechanical linkage, gear
mechanism, pulley mechanism, hydraulic mechanism, pneumatic mechanism). As
such, the control logic 510 reads the set of readings, while considering how the
mover is currently positioned relative to the substrate 102 or the workpiece 118
based on the IMS 514. For example, the directed energy source 106 and the IMS
514 can be track-mounted. For example, the IMS 514 can include a linear position
sensor, a linear encoder, a distance sensor, or another sensor, interrogator, or
reader that is determine a position thereof. Note that when the directed energy
source 106 is track-mounted, then the mover can be track-mounted. Then, the
control logic 510 converts that positional information (e.g. Cartesian X/Y coordinates)
into a set of workpiece coordinate system (WCS) coordinates (e.g. two dimensional,
three dimensional) for the workpiece 118. Since the mover is coupled (e.g.
mechanically, electrically) to the electrode 108, the set of WCS coordinates is fed
(e.g. serially, concurrently) into the processor 518 which then requests the mover to
move (e.g. vertically) the electrode 108 based on the set of WCS coordinates in
order to maintain the standoff distance between the workpiece 118 or substrate
(layer 0) and the electrode 108 as the substrate 102 with the workpiece 118 is
moving relative to the LLS 112 (or vice versa).

[56] In one mode of operation, the laser line scanner 112 measures the
geometric profile of the workpiece 118 and the substrate 102 and forms a set of data
based on such measuring. The set of data is computationally validated and stored in
a XY array or grid in a WCS system, which is then used to calculate a distance
control deviation value, which takes a set point from the RPD™ program 506, an
operator override from the operator HMI 508, and a result of a drive position to
enable the mover to move (e.g. vertically) and thereby adjust the electrode 108
relative to the geometric profile of the workpiece 118 and the substrate 102.

[57] In one mode of operation, there are several factors which lead to standoff
deviations, these include substrate distortion, uneven string surface, uneven height

step, joints, features, and other complex process variations as depicted in FIG. 4.
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Standoff monitoring and control system automates the monitoring and control using
a laser distance measurement scanner and a control system, as shown in FIG. 5.
The LLS 112 system block is responsible to capture, filter and extract distance of the
workpiece 118 in laser coordinate system, data validation block validates the data
from the laser, converts to work piece coordinate system resamples it and stores in a
data array (in work piece coordinates). The control block uses this data, setpoint
from the program, and the feedback from the drive position sensor (e.g. IMS) to
control the Z-Axis for maintaining the standoff distance at set point.

[58] FIG. 6 shows an embodiment of a diagram for a laser line scanner system
in accordance with this disclosure. FIG. 7 shows an embodiment of a diagram for a
laser line scanner system in accordance with this disclosure. In particular, the LLS
112 performs, enables to be performed, or causes to be performed a set of
operations 600. The set of operations 600 includes a set 602, a set 604, a set 606,
and a set 608, as exemplified by a diagram 700.

[59] The set 602 relates of ensuring that data from the LLS 112 is proper, as
exemplified by the diagram 700. For example, if the wire source 104 sources the
wire that include a metal or a metal alloy that is reflective, then the LLS 112 can have
at least some optical readings that may be distorted due to at least some undesired
or unforeseen reflections from the metal or the metal alloy, especially when the
electrode 106 directs the plasma arc at the wire and results or introduces other
optical distortions. As such, the set 602 involves control of read frames per second,
camera level filters, high dynamic range (HDR) image processing, image saturation
processing, image smoothing, and other related image processing or data pre-
processing operations. Note that the substrate 102 can be pre-processed to reduce
luster or shine in order to reduce optical distortions or deviations at substrate level
(e.g. inlayers 0,1 and 2).

[60] Likewise, the set 604 involves determining various measurements (e.g.
data meeting expectations, minimizing outliers) of the substrate 102 and the
geometric profile of the workpiece 118 relative to the substrate 102 based on data
from the set 602, as exemplified by the diagram 700. For example, these
measurements can include a laser pattern width, a timing value, a lowest point (e.g.
extracted valley) of the geometric profile of the workpiece 118 relative to the
substrate 102, a highest point (e.g. extracted peak) of the geometric profile of the

workpiece 118 relative to the substrate 102, and others.
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[61] Similarly, the set 606 involves determinations of a plurality of peak-valley-
average height workpiece gaps, workpiece profile slopes, and other related height,
width, length determinations based on data from the set 604, as exemplified by the
diagram 700. For example, the set 606 can include determining a gap 1 (e.g. 80 to
84 of Fig. 7) based on finding a height difference between (a) a peak (e.g. highest) of
the workpiece 118 relative to the substrate 102 at that time point, (b) a valley (e.g.
lowest) of the workpiece 118 relative to the substrate 102 at that time point, or (c) an
average height of the workpiece 118 relative to the substrate 102 at that time point,
and a height at a center point of the laser pattern 114. For example, the set 606 can
include determining a gap 2 (e.g. 80 to 81 of Fig. 7) based on finding a height
difference between the peak and the valley within at that time point (e.g. search
window). For example, the set 606 can include fitting a line segment passing through
the peak and the valley and thereby determining a slope of the line segment. Note
that these are example functions and this software can do much more data and
image processing.

[62] Furthermore, the set 608 involves validating data from the set 606 and
communicating with the logic controller 216 based on validation being successful or
unsuccessful, as exemplified by the diagram 700. For example, based on the laser
pattern 114 from the LLS 112, a distance between the LLS 112 and the substrate
102 or the workpiece 118 can be determined (e.g. based on conversions) and then,
based on a set of calibration parameters, can be converted into a standoff distance
value (this can be done by the data validation logic 502). For example, the set 608
can include validating a height of the workpiece 118 relative to the substrate 102
(e.g. distance of peak, distance of valley, distance of average point), the gap 1, the
gap 2, and a slope of a bead of the workpiece 118 and based on this height being
validated, then sending a set of data to the logic controller 216. For example, this
can be enabled by looking at a first layer of a deposit, in top layers substrate may or
may not be relevant, but distances can be measured in relation to a previously
deposited layer. For example, the set of data can include an X-parameter (e.g.
length), a Y-parameter (e.g. depth), a Z-parameter (e.g. height), the gap 1, the gap
2, and an error code. As such, the logic controller 216 can cause the mover to move
the electrode 108. Otherwise, if this height data is not valid, then an appropriate error
message and code is sent to the logic controller 216 based on which the logic

controller 216 acts or avoids acting.
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[63] The diagram 700 shows that a string formed from melting of the wire from
the wire source 104 can be measured (e.g. between 1 frame per second to 10,000
frames per second (fps) or more), and depending on a traverse speed, this will
translate to certain samples per millimeter (e.g. at traverse speed of 10 mm/s and
frame rate of 100fps samples will be 10 per millimeter) along a deposit. Likewise,
HDR and filters are used to suppress the noise and stray light to most possible
extent. The LLS system 112 is developed to be flexible, to either return a highest
(e.g. peak), lowest (e.g. valley), or average standoff around or within inclusively
about +/- 10mm from a center portion of the laser pattern 114. This can be especially
useful for features, blocks, and other structural portions of the workpiece 118.

[64] FIG. 8 shows an embodiment of a substrate supporting a workpiece and a
set of information relevant for data validation and grid spacing in accordance with
this disclosure. In particular, a diagram 800 relates to the data validation logic 502
and the grid spacing logic 504 as sourced from the LLS 112. As such, data obtained
from the LLS 112 can be down-sampled and stored based on a position in a
workpiece coordinate of the workpiece 118 being deposited as shown in FIG. 8.
Further, at least some, many, most, or all measurements can be validated to exclude
outliers (e.g. based on expected values). Also, at least some, many, most, or all data
is further validated in several layers and stored into an array or grid which has a
resolution of inclusively about less than 10, 9, 8, 7, 6, 5, 4, 3, 2, 1 or less than 1
millimeters along the X-axis and the Y-axis. As shown in FIG. 8, tolerances are
defined based on a low pass filter being applied (e.g. moving average filter) to
remove outliers. Also, at least some, many, most, or all measurements are validated
against at least some, many, most, or all measurements from a previous layer. In
case data is missing for more than a defined time period (e.g. less than inclusively
about 10 seconds, 9 seconds, 8 second, 7 seconds, 6 seconds, 5 second, 4
seconds, 3 seconds, 2 seconds, 1 second, 0.5 seconds, 0.3 seconds) in the previous
layer for whatever reason, then the directed energy deposition additive
manufacturing system 500 can use a previous layer maximum value to validate data.
For example, methods or regimes can be used to cope with missing data and
outliers, noise in measurements, corrupted measurements, or others. These forms of
processing enable outlier removal and collision avoidance (e.g. object on substrate
102, workpiece 118, clamps on substrate 102). Note that an operator entered

average substrate or workpiece height, which can be obtained based on precise
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substrate height measurements prior to loading, can act as an initial condition for
data validation, while also helping to avoid or minimize unnecessary corrections at
an end portion of a string (e.g. melted material, melted wire) forming the workpiece
118.

{651 FIG. 9 shows an embodiment of a diagram for a control block in
accordance with this disclosure. FIG. 10 shows an embodiment of a diagram for a
control block in accordance with this disclosure. In particular, a diagram 900
represents the control logic 510 as implemented via the logic controller 216, as
exemplified by a diagram 1000. The diagram 900 has an input 902, an input 904, an
input 906, and an input 908. The input 902 is sourced from the RPD™ program 506.
The input 904 is sourced from the LLS 112. The input 906 is sourced from the
operator HMI 508. The input 908 is sourced from the IMS 514. The input 902 is fed
into a saturation logic 910 for a selection of a plurality of additive manufacturing
values from a set of preset values sourced from the RPD™ program 506 for ensuring
that at least some commanded stand-off values lie within at least some process
specification limits. This result is then fed into a comparison law block 940 to
calculate a standoff control deviation for a control law block 926.

[66] The input 904 (e.g. representing string height buildup as expected based
on RPD program) is fed into a decision logic to determine whether the input 904 is
valid based on a set of expected values. The expected value is based on the RPD™
program (e.g. expected string height build up per layer based on defined process
variables in RPD program). If yes (e.g. valid), then the input 904 is fed into a low
pass filter 912 and then fed into a logical bus or gate 918 within the logic controller
216. If no (e.g. invalid), then the input 904 is fed into a logic for invalid measurement
920, which holds a set of data based on prior valid measurements (up to a certain
distance) and feeds the set of data into a standoff-control law logic 926, which
determines whether the set of data is compliant with a set of standoff distance
control rules (e.g. conditions/instructions to vertically move electrode 108). The input
906 is fed into a saturation logic 914 which verifies whether an operator contribution
is within a range specified of allowed contribution defined in a process control
specification. and then fed into the logical bus or gate 918. The input 908 is fed into a
low pass filter 916, which generates a directed energy source height and then feeds

the directed energy source height to the logical bus or gate 918.
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[67] The comparison law 940 receives data from the saturation logic 910 and
the logical bus or gate 918 and, based on this data, generates a standoff distance
deviation value. The processor 940 then performs, causes, or enables to be
performed an initial condition check 922 (e.g. validation) on the standoff distance
deviation value, a control gain selection 924 on an output of the initial condition
check 922, the standoff-control law logic 926 on an output of the control gain
selection 924, and then performs a set of condition checks inclusive of a sudden
motion avoidance 928, a correction limit per part 930, a correction limit per deposited
string 932, a low pass filter 934, an RPD™ program reset check 936, and a drive
dynamic ramp control 938. As such, these operations enable a set of flexible control
modes (e.g. start no-control, string start based, or full control to standoff setpoint (per
string)), a set of dynamic adjustments (e.g. slow for small errors, fast for sharp or
larger errors), a set of correction limits (e.g. to prevent collisions or too much
correction, both per string as well as total per part), a dynamic ramp control (e.g. to
enable smooth corrections, avoid vibrations, sudden motion), and an operator
override (e.g. operators have control for system override at any time to prevent
machine damage).

[68] FIG. 11 shows an embodiment of a plurality of scenarios for standoff
monitoring and control in accordance with this disclosure. In particular, a diagram
1100 shows different scenarios where definition of standoff distance varies, whether
on substrate profile or bead profile (e.g. highest or lowest or average distance
around center point of laser pattern). Note that for accurate or consistent inter-pass
temperature measurements a standoff can be set to a first predefined distance no
matter what a string standoff might be just for T1 and a second predefined distance
for T3, where the first predefined distance is lesser than the second predefined
distance (although equal or greater is possible since this is not required) and where
during directed energy deposition, a standoff distance is maintained at a setpoint.
Further, note that DTCP is computed based on wire speed to move a standoff
control to a point where droplets meet the workpiece 118 rather than underneath at a
leading tip of the electrode 108. Moreover, adequate logging to a log database
where all raw measurements, layer height, corrections, control deviations, and drive
actions are logged. Additionally, configuration management is designed where a
directed energy deposition additive manufacturing system is capable to load control

settings based on a preset requested by an RPD™ program.
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[69] FIG. 12 shows an embodiment of a margin around a plurality of edges of a
substrate where there an increased risk of collision with a tool head in accordance
with this disclosure. In particular, a diagram 1200 shows an electrode center point
position margin around edges of the substrate where there is a high risk of tool head
collision (e.g. clearance inclusively less than about 10, 9, 8, 7, 6, 5, 4, 3, 2, 1
millimeters, non-damaged clamps with no spatter).

[70] FIG. 13 shows an embodiment of a technique for minimizing or avoiding a
collision with a clamp clamping a substrate in accordance with this disclosure. In
particular, a diagram 1300 shows important geometries that need to be considered
for avoiding collision during active control. Actual clearance (limit for lower
correction) will be less in reality due to string height variations. Further, the diagram
1300 shows consideration of substrate clamps during standoff control (e.g. different
geometries define lower correction limits depending on standoff setpoint to avoid
collisions). For example, when some measurements are such that the standoff
distance control would risk the tool head collision with the clamps, the logic controller
214 system can limit downward control motion to avoid the collision.

[71] In one mode of operation, a directed energy deposition (e.g. RPD™)
additive manufacturing system can be configured for: frame rate and filtering (e.g.
measurements are made at 1-10000frames per second, uses HDR function and
pre-filtering to reduce reflections and stray light from plasma arcs or energy
sources), flexible measurement modes (e.g. highest, lowest, average standoff
around or less than about (+/- 10mm) center of laser pattern 114), measurement
validation (e.g. difference between highest and lowest z, as well as slope used to
validate measurements), flexible control modes (e.g. start no-control, string start
based, or full control to standoff setpoint (per string), dynamic adjustments (e.g. slow
for small errors, fast for sharp or larger errors), dynamic correction limits (e.g.
correction limits are calculated and applied dynamically are used to prevent
collisions, and to avoid too much correction, both per string as well as total per part),
dynamic ramp Control (e.g. dynamic ramps are used to enable smooth corrections,
avoid vibrations, sudden motion), operator override (e.g. operators have control for
system override at any time to prevent machine damage), accurate or consistent
inter-pass temperature measurements (e.g. standoff can be set to first preset
distance no matter what string standoff might be just for T1 and second preset

distance for T3 while during deposit standoff is maintained at the setpoint), DTCP
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(e.g. computed based on wire speed to move standoff distance control to point
where droplets meet workpiece rather than under electrode tip), adequate logging to
data log servers (e.g. some, most, or all raw measurements, layer height,
corrections, and drive actions are logged), or configuration management (e.g. load
control settings based on preset requested by program).

[72] In one mode of operation, a directed energy deposition additive
manufacturing system 100 includes the controller 119, the LLS 112, the substrate
102, the directed energy source 106, an additive manufacturing material (e.g. wire
source 104), and a mover. The controller 119 is coupled to the LLS 112, the directed
energy source 106, and the mover. The substrate 102 is movable in a 3-dimensional
space relative to the LLS 112. The directed energy source 106 is movable along the
vertical axis relative to the substrate 102. The mover is coupled to the directed
energy source 106. The mover moves the directed energy source 106 along the
vertical axis. The directed energy source 106 generates an energy and the energy
melts the additive manufacturing material onto the substrate 102 such that the
workpiece 118 is additively manufactured on the substrate 102 as the substrate 102
is moved in the 3-dimensional space relative to the directed energy source 106 and
the LLS 112 toward the LLS 112. The workpiece 118 has a geometric profile and the
directed energy source 106 is vertically spaced apart from the workpiece 118 such
that a standoff distance is defined. The LLS 112 monitors the geometric profile of the
workpiece 118 while the substrate 102 is moving in the 3-dimensional space such
that the controller 119 controls the mover to move the directed energy source 106
along the vertical axis in order to maintain the standoff distance. The controller 119
can control the mover to move the directed energy source 108 along the vertical axis
in order to maintain the standoff distance based on how fast the substrate 102 is
moving in the 3-dimensional space. The controller 119 can control the mover to
move the directed energy source 106 along the vertical axis in order to maintain the
standoff distance based on how fast the additive manufacturing material is being
melted via the plasma arc generated via the directed energy source 106. The
directed energy source 106 includes a central tip portion and the controller can
control the mover to move the directed energy source 106 along the vertical axis in
order to maintain the standoff distance based on how fast the additive manufacturing
material is being fed (e.g. via wire source 104) such that a droplet resulting from the

additive manufacturing material being melted meets the workpiece 118 before the
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drop is positioned underneath the central tip portion of the electrode 108. The
controller 119 can be programmed to request the mover to smoothly move the
directed energy source 106 along the vertical axis in order to minimize a vibration of
the directed energy source 106 while the directed energy source 106 is moving
along the vertical axis. The controller 119 can be programmed to request the mover
to smoothly move the directed energy source 106 along the vertical axis in order to
minimize a sudden motion of the directed energy source 106 while the directed
energy source 106 is moving along the vertical axis. The controller 119 can be
programmed to request the mover to move the directed energy source 106 along the
vertical axis in order to avoid a collision with an object engaging the substrate where
the object is other than the workpiece 118. The object can be a clamp clamping the
substrate. The controller 119 can be programmed to limit movement of the directed
energy source 106 along the vertical axis on a per bead basis. The controller 119
can be programmed to limit movement of the directed energy source 106 along the
vertical axis on a per workpiece basis. The controller 119 can be programmed to
dynamically adjust movement of the directed energy source 106 along the vertical
axis based on an error type. The LLS 112 generates a plurality of readings and the
controller 119 can be programmed to receive the readings from the LLS 112 and to
validate the readings before the controller requests the mover to move the directed
energy source 106 along the vertical axis. The directed energy source 106 can
generate a plasma arc to melt the additive manufacturing material. The LLS 112 can
generate a plurality of readings. The workpiece 118 can generate a reflection and
the controller can be programmed to apply at least one of a HDR or a pre-filtering
technique to the readings from the LLS 112 in order to reduce at least one of the
reflection or a stray light resulting from at least one of the workpiece 118 or the
plasma arc. The directed energy source 106 can be a first directed energy source
and the directed energy source 110 can preheat the substrate 102, where the
directed energy source 110 is positioned between the LLS 112 and the directed
energy source 106 along the horizontal axis. The controller 119 can control the
mover to move the directed energy source 106 along the vertical axis in order to
maintain the standoff distance based on the substrate 102 being distorted, warped,
or deformed along the horizontal or vertical axis, whether longitudinally or laterally.
The controller 119 can control the mover to move the directed energy source 106

along the vertical axis in order to maintain the standoff distance based on at least
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one of a feature of the workpiece 118, a joint of the workpiece 118, an intersection of
the workpiece 118, an uneven height step, an uneven string surface, or a distortion
of the substrate 102. A sensor (e.g. IMS 514) can monitor the mover. The controller
can be coupled to the sensor and the controller controls the mover to move the
directed energy source 106 along the vertical axis in order to maintain the standoff
distance based on the sensor.

[73] Various embodiments of this disclosure can be implemented in a data
processing system suitable for storing and/or executing program code that includes
at least one processor coupled directly or indirectly to memory elements through a
system bus. The memory elements include, for instance, local memory employed
during actual execution of the program code, bulk storage, and cache memory which
provide temporary storage of at least some program code in order to reduce the
number of times code must be retrieved from bulk storage during execution.

[74] I/O devices (including, but not limited to, keyboards, displays, pointing
devices, DASD, tape, CDs, DVDs, thumb drives and other memory media, etc.) can
be coupled to the system either directly or through intervening /O controllers.
Network adapters can also be coupled to the system to enable the data processing
system to become coupled to other data processing systems or remote printers or
storage devices through intervening private or public networks. Modems, cable
modems, and Ethernet cards are just a few of the available types of network
adapters.

[75] This disclosure can be embodied in a system, a method, and/or a
computer program product. The computer program product can include a computer
readable storage medium (or media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the present disclosure. The
computer readable storage medium can be a tangible device that can retain and
store instructions for use by an instruction execution device. The computer readable
storage medium can be, for example, but is not limited to, an electronic storage
device, a magnetic storage device, an optical storage device, an electromagnetic
storage device, a semiconductor storage device, or any suitable combination of the
foregoing. A non-exhaustive list of more specific examples of the computer readable
storage medium includes the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory (ROM), an erasable

programmable read-only memory (EPROM or Flash memory), a static random
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access memory (SRAM), a portable compact disc read-only memory (CD-ROM), a
digital versatile disk (DVD), a memory stick, a floppy disk, a mechanically encoded
device such as punch-cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the foregoing.

[76] Computer readable program instructions described herein can be
downloaded to respective computing/processing devices from a computer readable
storage medium or to an external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area network and/or a
wireless network. The network can comprise copper transmission cables, optical
transmission fibers, wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or network interface in each
computing/processing device receives computer readable program instructions from
the network and forwards the computer readable program instructions for storage in
a computer readable storage medium within the respective computing/processing
device.

[77] Computer readable program instructions for carrying out operations of the
present disclosure can be assembler instructions, instruction-set-architecture (ISA)
instructions, machine instructions, machine dependent instructions, microcode,
firmware instructions, state-setting data, or either source code or object code written
in any combination of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or the like, and conventional
procedural programming languages, such as the "C" programming language or
similar programming languages. A code segment or machine-executable instructions
can represent a procedure, a function, a subprogram, a program, a routine, a
subroutine, a module, a software package, a class, or any combination of
instructions, data structures, or program statements. A code segment can be
coupled to another code segment or a hardware circuit by passing and/or receiving
information, data, arguments, parameters, or memory contents. Information,
arguments, parameters, data, etc. can be passed, forwarded, or transmitted via any
suitable means including memory sharing, message passing, token passing, network
transmission, among others. The computer readable program instructions can
execute entirely on the user's computer, partly on the user's computer, as a stand-
alone software package, partly on the user's computer and partly on a remote

computer or entirely on the remote computer or server. In the latter scenario, the
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remote computer can be connected to the user's computer through any type of
network, including a LAN or a WAN, or the connection can be made to an external
computer (for example, through the Internet using an Internet Service Provider). In
some embodiments, electronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or programmable logic arrays
(PLA) can execute the computer readable program instructions by utilizing state
information of the computer readable program instructions to personalize the
electronic circuitry, in order to perform aspects of this disclosure.

[78] Aspects of this disclosure are described herein with reference to flowchart
illustrations and/or block diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the disclosure. It will be understood
that each block of the flowchart illustrations and/or block diagrams, and combinations
of blocks in the flowchart illustrations and/or block diagrams, can be implemented by
computer readable program instructions. The various illustrative logical blocks,
modules, circuits, and algorithm steps described in connection with the embodiments
disclosed herein can be implemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules, circuits, and steps have
been described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system. Skilled artisans
can implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing
a departure from the scope of this disclosure.

[79] The flowchart and block diagrams in the Figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods, and
computer program products according to various embodiments of the present
disclosure. In this regard, each block in the flowchart or block diagrams can
represent a module, segment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified logical function(s). In
some alternative implementations, the functions noted in the block can occur out of
the order noted in the figures. For example, two blocks shown in succession can, in
fact, be executed substantially concurrently, or the blocks can sometimes be

executed in the reverse order, depending upon the functionality involved. It will also
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be noted that each block of the block diagrams and/or flowchart illustration, and
combinations of blocks in the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems that perform the specified
functions or acts or carry out combinations of special purpose hardware and
computer instructions.

[80] Words such as “then,” “next,” etc. are not intended to limit the order of the
steps; these words are simply used to guide a reader through the description of the
methods. Although process flow diagrams can describe the operations as a
sequential process, many of the operations can be performed in parallel or
concurrently. In addition, the order of the operations can be re-arranged. A process
can correspond to a method, a function, a procedure, a subroutine, a subprogram,
etc. When a process corresponds to a function, its termination can correspond to a
return of the function to the calling function or the main function.

[81] Features or functionality described with respect to certain embodiments
can be combined and sub-combined in and/or with various other embodiments. Also,
different aspects and/or elements of embodiments, as disclosed herein, can be
combined and sub-combined in a similar manner as well. Further, some
embodiments, whether individually and/or collectively, can be components of a larger
system, wherein other procedures can take precedence over and/or otherwise
modify their application. Additionally, a number of steps can be required before,
after, and/or concurrently with embodiments, as disclosed herein. Note that any
and/or all methods and/or processes, at least as disclosed herein, can be at least
partially performed via at least one entity or actor in any manner.

[82] The terminology used herein can imply direct or indirect, full or partial,
temporary or permanent, action or inaction. For example, when an element is

referred to as being "on," "connected" or "coupled" to another element, then the
element can be directly on, connected or coupled to the other element and/or
intervening elements can be present, including indirect and/or direct variants. In
contrast, when an element is referred to as being "directly connected" or "directly
coupled" to another element, there are no intervening elements present.

[83] Although the terms first, second, etc. can be used herein to describe
various elements, components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not necessarily be limited by

such terms. These terms are used to distinguish one element, component, region,
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layer or section from another element, component, region, layer or section. Thus, a
first element, component, region, layer, or section discussed below could be termed
a second element, component, region, layer, or section without departing from the
teachings of this disclosure.

[84] The terminology used herein is for describing particular embodiments and
is not intended to be necessarily limiting of this disclosure. As used herein, the

singular forms "a," "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. Also, as used herein, the term "a"
and/or "an" shall mean "one or more," even though the phrase "one or more" is also

includes" and/or "comprising,

used herein. The terms "comprises, including" when
used in this specification, specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not preclude the presence and/or
addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. Furthermore, when this disclosure states herein
that something is "based on" something else, then such statement refers to a basis
which can be based on one or more other things as well. In other words, unless
expressly indicated otherwise, as used herein "based on" inclusively means "based
at least in part on" or "based at least partially on."

[85] As used herein, the term "or" is intended to mean an inclusive "or" rather
than an exclusive "or." That is, unless specified otherwise, or clear from context, "X
employs A or B" is intended to mean any of the natural inclusive permutations. That
is, if X employs A; X employs B; or X employs both A and B, then "X employs A or B"
is satisfied under any of the foregoing instances.

[86] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have same meaning as commonly understood by one of ordinary
skill in the art to which this disclosure belongs. The terms, such as those defined in
commonly used dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art and should not be
interpreted in an idealized and/or overly formal sense unless expressly so defined
herein.

[87] As used herein, the term "about" and/or "substantially" refers to a +/- 10%
variation from the nominal value/term. Such variation is always included in any given.
[88] If any disclosures are incorporated herein by reference and such

disclosures conflict in part and/or in whole with this disclosure, then to an extent of
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conflict, and/or broader disclosure, and/or broader definition of terms, this disclosure
controls. If such disclosures conflict in part and/or in whole with one another, then to
an extent of conflict, the later-dated disclosure controls.

[89] It will be apparent to skilled artisans that various modifications and
variation can be made in this disclosure without departing from a spirit or scope
thereof. Thus, it is intended that this disclosure cover modifications and variations
thereof, provided that such modifications and the variations come within a scope of

the claims, as recited below, and their equivalents.
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