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Abstract

Support structures in additive manufacturing (AM) have traditionally been implemented to address process restrictions. This
study repurposed the supports as design tools to be used to reduce deformation from residual stress in metal AM prints. Four
geometric features were selected via industry interviews and simulations, and experimental prints were used to verify the use
of new, novel supports addressing both mechanical and process limit needs. These supports reduced maximum deformation
by 14.6% in a validation part simulation that contained all four features. Guidelines were created to present the new design
envelopes for each geometric feature to aid in the growth of support structure documentation in AM. Using supports to
reduce deformation presents a new design tool to AM engineers that allows them to retain critical part geometry and only

change support design.
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1 Introduction

Additive manufacturing (AM), the umbrella term covering
many different technologies and approaches, uses computer
instructions to place material in a layer-by-layer fashion
[1-4]. The opportunities created by AM, such as increased
design freedom, mass customization, designed material pos-
sibilities, and part consolidation, have fueled the growth of
this family of processes, thereby branching into different
subsets [5]. Selective laser melting (SLM) is an approach
within powder bed fusion (PBF) that uses a laser to fully
melt the powder at each layer [6]. Within SLM is direct
metal laser melting (DMLM) which operates on metal pow-
ders. This process can achieve up to 99.9% relative density,
allowing AM parts to rival the more isotropic characteristics
of cast parts while maintaining design freedom associated
with AM [6]. This motivates the use of the process despite
its challenge of thermal gradient—induced residual stress
and part deformation. In this study, support structures are
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leveraged for specific geometric features to deal with both
their mechanical needs and print limitations. These struc-
tures are shown to reduce maximum and average deforma-
tion in print while balancing support material use and sup-
port removability.

In DMLM, the full melting of the powder and the part
geometry affect the cooling rate of the part [7]. As the laser
heats an area of the powder, the surrounding area experi-
ences thermal expansion and compresses. As the part cools
and shrinks following solidification, it experiences a tensile
state [8]. Variables such as the build chamber temperature or
thick/thin transitions in the part geometry keep the resulting
part mass in compression with a surrounding shell in tension
[9, 10]. This can lead to detrimental part deformation and,
in severe cases, cracking. While DMLM faces some costly
challenges, the advantages enabled by the process motivate
the continued development and use of the technology.

The design freedom afforded by AM present the oppor-
tunity to address the concerns of residual stress and part
cracking through innovative support structure design. Tra-
ditionally, support structures are required to aid the mate-
rial deposition process as each layer needs something below
it. Many times, this is required due to features in the com-
ponent geometries, such as overhangs, bridges, and holes,
as the support structures must fill a void and allow a layer
to be deposited [11]. For example, a maximum allowable
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overhang of 45°was experimentally determined in SLM as
the steepest that a surface can be [12, 13]. Supports were
shown in a previous study to affect a part’s post-print defor-
mation as well as the location of maximum deformation
[14]. The observation of this phenomenon served as the
foundation to explore which combinations of supports and
part geometry features reduced deformation in order to pro-
vide guidance for implementation.

2 Material and methods

To identify geometries that would benefit from having a
customized support structure, interviews were conducted
with stakeholders in the AM process at a major energy
original equipment manufacturer (OEM). The population
consists of eight AM engineers, two design engineers, and
two shop technicians. They were interviewed to under-
stand challenges faced both upstream (by designers) and
downstream (by technicians) for better context. The inter-
viewees were presented up to six sample parts and asked to
identify features of concern if the part were to be printed.
Using the results of the interview, the most common fea-
tures were extracted based on number of times identified

Fig. 1 The modeled focus
geometries: a bottom surface, b
roof, ¢ overhang, and d hole
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and named based on the language used to describe them.
This yielded the four features: bottom surface, roof, over-
hang, and hole.

Based on the features identified during the interviews,
testable, simplified versions were modeled for simulation,
analysis, and print. First, the bottom surface was modeled
with a size of 72X 12X 9 mm. This was a scaled version of a
common geometry used in calibration of print software [15].
The roof was created as 45X 43 X 27.5 mm. It used a 25-mm
deep recess with 1.5-mm-thick side walls and 2.5-mm-thick
rear wall. The overhang was 40X 25 X 30 mm with a 1.5-mm-
thick vertical wall and 5-mm-thick horizontal members.
Finally, the hole was modeled as 26.25 X 22.5 X 15 mm with
a 15-mm-diameter cavity. It had 3.5 mm of material from
the edge of the hole to the bottom and 7.5 mm from the edge
of the hole to the top of the part. These are shown in Fig. 1.

The baseline supports for each geometry were modeled
using the currently accepted approach at the energy OEM.
These supports were designed to address only process restric-
tions while using minimal material, the current best practice
approach. Thin plates of varying lengths and toothed vertical
ends, for ease of hand removability, were chosen with spacing
based on machine limits. These baseline supports are shown
for each of the focus geometries in Fig. 2.

b)

d)
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2.1 Experimental setup

To compare the printed parts to their nominal designed
dimensions, a common industrial blue light scanning solu-
tion was employed. This is a non-contact measurement
technology that uses light and reflection to generate point
clouds that are used to create a boundary representation
model of the part, with map resolutions of 0.025-0.097 mm
and measurement accuracies of 0.002—-0.008 mm depending
on hardware [16]. The 3-dimensional surface was overlaid
onto the original CAD model of the geometries to quantify
any deviations that occurred from part deformation. Targeted
point locations are directly compared across parts and used
for average and maximum calculations.

The parts were printed on a commercially available, high-
volume DMLM machine. The machine is dual laser powered and
features some customizations by the energy OEM. The powder
for the parts was a nickel-based super alloy, with a print profile
specified by the OEM. Details regarding the specific hardware
and material are omitted per the OEM’s discretion. DMLM is
often used with nickel-based superalloys, such as Haynes 282,
Inconel 718, Waspaloy, and MAR M-247, due to their desirable
properties in high-temperature applications [17—19]. This family
of materials is mechanically and chemically stable at high oper-
ating windows often found in aerospace and power-generation
applications, offering favorable strength, creep, fatigue, oxidation,
and corrosion properties [19, 20]. The presence of large amounts
of small, spherical, and coherent y’ precipitates enables the high-
temperature creep properties needed in energy applications [21,
22]. Their continued development is crucial to these industries
and unlocks performance that is not achieved with other materials
and geometries. The as-built parts can be seen still attached to
the build plate in Fig. 2.

2.2 Computational setup

To understand how the focus geometries would behave, a
commercially available print simulation software was used.
The expensive nature of DMLM discourages trial-and-error

Bottom Surface Hole Roof

approaches to understanding print behavior, so simulation
software that presents holistic information on the part is
especially useful [23]. Many software packages allow for the
modifications of inputs to accurately match the hardware and
material used in the physical print in order to ensure accuracy
in the results. The software used in this study was modified
to include the specific machine, laser, and material proper-
ties into one pre-determined profile by the OEM. The voxel
size of 0.5 mm was held constant for all geometries in order
to balance accuracy and computational load. The software
simulated the print layer-by-layer and outputted multiple
results, including internal stresses induced during the build
and resulting displacement. The stress analysis was used to
understand the presence of any stress concentrations in the
geometries and whether they manifested as compressive or
tensile. Secondly, displacement analysis highlighted where
each focus geometry deviated from the model after removal
from the build plate. These results aided in understanding the
behavior of the parts during the print process and after prints.

In an initial study, parts were printed and then scanned
using the blue light process [24]. This served to compare
the as-built parts to the simulation and evaluate software
accuracy. The simulation parameters were the same as the
print parameters, and a comparison in results for the roof
geometry is shown in Fig. 3. The deformations measured
from the printed part showed similar amounts and loca-
tions as those predicted by the simulations. Both showed
maximum compressive deformation of around 0.2 mm along
outer edges and the upper corners of the vertical walls. The
software helped to gain both a qualitative and quantitative
understanding of part behavior.

3 Results
3.1 Focus geometry design envelopes

The support structures were designed based on two require-
ments: (1) a mechanical need or (2) a process limit. The

Fig.2 Baseline prints still attached to build plate. Thin, toothed supports shown in orange on the modeled roof geometry
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Fig.3 The a simulation and b
scan of print of the supported
roof geometry. The major
disagreement is shown with the
red arrow

former is based on the previously described challenge of
non-uniform cooling faced by DMLM while the latter is
a product of placing material additively. When a surface
cools faster than its surroundings, it creates tension in the
part. A support intended to address this behavior must be
designed differently than a support defined by process lim-
its. Each challenge geometry was defined with a design
envelope divided into areas based on their needs. Supports
were then designed to address the challenges within that
envelope. The mechanical need superseded the process
need, as it addressed both stress and the process, i.e., it
would be load bearing. Two simple example supports were
manually designed for each geometry based on mechanical
intuition in accordance with the design envelopes.

While these supports are intended to reduce part defor-
mation, two additional metrics were considered: support
volume and support removability. If the volume of the
support was minimized, then material use and print time
were also reduced — both beneficial to the manufacturer.
The removability of the supports from the part was also
crucial. Producing parts that require extensive manual
labor or machining negates the advantages of a digital
process and should be avoided. To aid this, toothed con-
nections were used at all support-part interfaces. The
success of the support structures was therefore evaluated
in deformation amount, support volume, and support
removability.

3.1.1 Bottom surface
The first geometry, the bottom surface, was characterized
as requiring supports that connected the part to the plate

(part-to-plate) and as having two sharp corners with two
open sides. It was expected to bow convexly with the middle

@ Springer
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portion putting supports below in compression while the
sides closest to the vertical walls put the supports in tension.
This led a design envelope showing mechanically driven
supports along the entire length of the part, as is shown in
Fig. 4a. Two contrasting strategies were developed for this
envelope: block-majority, and plate-majority. The plate por-
tion used plates similar to the baseline, but with a thicker
center plate to further reduce any movement and increase
adhesion to the build plate. The box portion used a check-
erboard pattern of square cross-section columns. Both are
shown from a top-down view in Fig. 4a. In simulations, the
block-majority did not reduce deformation, so it was not
further developed.

3.1.2 Roof

The roof needed supports spanning a space within the part
(part-to-part) and had four sharp bends making a rectan-
gle, with only one open side. It experienced movement
in two directions. First, the upper horizontal member cre-
ated tension at the portion furthest from all three vertical
walls. Then, the two vertical walls bent inward, subject-
ing the upper horizontal member to compression. As such,
mechanical-based supports to address the two movements
are shown in Fig. 4b with the resulting process limit needs
shown in blue.

The support strategies for the roof included the “Y” and
the beam configurations. First, the Y interfaced with the
top corners of the roof then came down to the base at an
angle defined by process limits. It was solid in the shape
of the Y, with plates in the valley of the Y. The solid shape
kept the vertical walls from compressing inward, while
the plates in the valley kept the top vertical component



The International Journal of Advanced Manufacturing Technology (2022) 119:3963-3973 3967

a) b)

Mechanscal

C B
506 E 86 L
00O @ 0 0 s Ty g ‘. oW

o000 E o O
IIIIll=IIIIII

[ B B BB ERE-— BB B NN

Process Mechanical

Lirmit Meed

I
oD ODEO@
IR R-RN
== O O O - O O
oo oEOoOoOoOE@

DD oDOoOoOBEO@
I B0 0O 008

oo
aoaaoaunu ‘Ogﬂoﬁnaoﬁob
S00000CQODO
00000000 O0ODO

COOOBODOODD
2000000000
COOOO000000

Fig.4 Design envelopes and example supports for each geometry. a Bottom surface supports in top view, b roof supports in front and side
views, ¢ overhang supports in top view, d hole supports in front view
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of the roof from peeling upward and addressed process
limits. The plating was designed to reduce material use
in regions where the mechanics need was not as great.
The beam approach addressed the vertical wall movement
more directly with a solid bar across the top of the cavity
as that was where the deformation was most prevalent.
This bar was normal to the walls, unlike the Y that was
around a 45-degree incline. This addresses the deflection
orthogonally instead of in one of two components. The
beam used plates at an incline underneath the bar to mini-
mize material use where movement prevention was not as
crucial. These two strategies were further developed into
different derivations. First, they were both fully plated to
improve material use and removability because the solid
sections in both the Y and beam proved to greatly increase
support volume and make removal difficult. The geom-
etry of the roof made it incapable of using wire electri-
cal discharge machining (EDM) to remove the supports,
emphasizing the importance of ease of removability of the
supports. Then, the beam was also modeled with holes in
the lower portion to further reduce material use in areas
of low mechanical need.

3.1.3 Overhang

The overhang geometry required part-to-part supports and
featured two sharp corners but with only one vertical side.
Removing the top beam of the overhang geometry and iso-
lating it in two dimensions yielded a free-body diagram of a
simple cantilever beam. Using this, the horizontal placement
of the support reactions along the beam did not affect the
reactionary normal force because they had no term address-
ing the length of the beam. However, the magnitude of the
moment at the fixed end decreased as the support reactions
were placed further away. Therefore, the region of most
mechanical influence was furthest away from the vertical
wall. The movement in this zone created tension, as shown
in red in Fig. 4c. The remaining region was dictated by the
process limits shown in blue. These were addressed with two
options: boxed column and cylindrical column. On both, the
half of the region closest to the vertical wall was less criti-
cal to support and designed on a process limit basis with
minimal plates. The other half featured either box or circle
cross-section columns. These columns were identical in vol-
ume, although the cylinder strategy had more columns than
the box because of the minimum space required between
columns by process limits.

3.1.4 Hole

Finally, the hole necessitated part-to-part supports but with a
circular void completely through the body. It was simplified
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to a hole in uniaxial tension. Estimating the deformation
with Kirsch’s solution [25], the regions of most importance
to support were the 0° and 180° regions in tension and the
90° and 270° regions in compression as shown in Fig. 4d.
Similar to the overhang, this geometry also had a large vol-
ume to be managed by process limit supports in the center.
This area needed to complement the red regions on the verti-
cal and horizontal lines while being mindful of material use,
as shown in the hatched coloring in the figure. This was done
through a box support strategy and a cross support strategy.
Both placed solid supports preventing the tension and com-
pression at the 0°/180° and 90°/270° regions, respectively.
However, the inner region served as the main differentiat-
ing factor. The box used rectangular slots spaced by process
limits for material reduction while the cross used a shape
resembling a cross, as shown in Fig. 4d.

3.2 Prints of test geometries

Each part was printed to assess the impact of the support
structures on part deformation. For the bottom surface, a
common method of measuring the effect of residual stress
is to measure the vertical displacement when partially cut
along the length of the supports with a wire EDM [23]. The
advanced support strategy, plate-majority, decreased the curl
height by 0.95% compared to the baseline supports.

The parts were removed from the build plate and scanned
with blue light to compare maximum and average deforma-
tions on each geometry. Based on the simulation results,
seven areas of interest were studied during the blue light
measurements. One of the geometries, the roof, shows the
seven measurement points and comparison between the
baseline, beam, and Y supports in Fig. 5. Improvements at
points IIT and V are apparent between the baseline and both
advanced supports. Parts were scanned again once the sup-
ports were removed. The average of the seven points was
used to give an average deformation value to the geometry.
Each geometry was printed twice on the same build plate,
with the average of each pair used to compare across sup-
porting strategies. Similarly, each part had a maximum
deformation value. The average maximum deformation of a
pair of prints was used for comparison.

All advanced strategies reduced the average defor-
mation of the parts after support removal. The maxi-
mum deformation was also reduced in all cases except
the overhang with box supports. The improvements were
shown across all of the geometries, with the beam-plate
reducing average deformation by 39.79% and maximum
deformation by 59.57% and the Y-plate by 43.60% and
57.45%, respectively. The deformation reduction for the
beam-plate was 13.65% for average and 49.49% for maxi-
mum while the Y-plate was 32.10% average reduction and
58.59% maximum reduction. All of the metrics of success
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Fig.5 Deviation from the CAD
model of the roof geometry
with common measurement
points shown in white numerals
on the first baseline scan
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are summarized in Table 1. The removability score was
assessed by a field expert at the OEM.

3.3 Combination part validation

The simulation and experimental results verified the
reduction in deformation for customized supports. How-
ever, each of these cases was isolated features. To validate
them in an engineering or industrial context where these

" Yn

Beam

concepts are meant to be used, the strategies were used on a
140 x 80 X 40-mm crank plate from a manual crank assembly
that included each of the features of interest. This part is
shown in Fig. 6.

The demonstration part was first supported with the
same baseline supports as previously used in the research
that were commonplace for the energy OEM. These were
uniformly distributed flat plates with teeth at part interfaces.
Their design was centered around that of the traditional

Table 1 Comparison of

. Simulation Support Removal
deformation results, volume, Volume
and removability metrics for Geometry Support MAX MAX AVG Change Removability
each geometry. Measured.values Baseline _ BL Height _
are compared to the baseline
Bottom Surface Plated -18.90% -6.06% -0.95% 11.10% (X X ]
Block 55.20% -13.40% (XX}
Baseline - - - - (XX}
Hole Box -14.30% -15.15%  -24.59% 51.50% [
Cross -17.90% -24.24%  -21.31% 96.40% [ ]
Baseline - - - -
Overhang Box -42.40% 11.93% -5.71% 9.50% (XX}
Cylinder -41.90% -3.67% -11.21% 10.90% 000
Baseline - - - - (X X ]
Y -40.30% 37.30% [ ]
Y-Plate -22.40% -23.30% [ ]
Roof
Beam -37.30% 52.40% [ ]
Beam-Plate -20.90% -49.49%  -13.65% 3.60% 000
Beam-Hole -28.40% -58.59%  -32.10% 23.90% [ ]
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Bottom
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Baseline Advanced

Fig.6 a Demonstration part highlighting all the combined challenge features. b The baseline supports applied to the part. ¢ The new, advanced

supports applied to the part

support role: minimizing material use as well as print and
post-processing time. This contrasts with the advanced sup-
ports designed based on the design envelopes.

The advanced part used the most promising support struc-
ture from each individual feature. For the bottom surface, a
plate-column-plate pattern was used to address sagging result-
ing in alternating tension—compression-tension. The roof was
supported by a plated Y to minimize material use and increase
removability while still concentrating on the compression of
the vertical walls and the tension of the top wall. The overhang
addressed the vertical tension caused by the part’s movement
by using columns at the free end and process-limit—defined
plates between the columns and the vertical wall. Finally, the
hole interfaced with the part at the sides and top/bottom as
described in the design envelope with slots in the center for
less material use. All interfaces between part and support used
teeth to facilitate removal of the supports in the case of a print.

The baseline supports resulted in a total volume of 52,290
mm? while the advanced supports used only 14.5% more
material at 59,893 mm?>. In print simulations, the advanced
supports had 14.6% less maximum deformation post-print
after support removal.

4 Discussion
4.1 Deformation reduction

The work presented attempts to address the challenge of part
deformation in metal AM. Using customized supports to
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address part deformation is an unexplored area that allows
AM designers to retain the necessary part geometries and
change only part supports to print successfully. Reducing
part deformation in the design phase minimizes the number
of print-and-check iterations needed, further improving the
lower design cycle time that is a key driver of AM use. A
reduction in part deformation and eliminating part failure
on the build plate keeps more AM parts within design tol-
erance, reducing the number of scrapped parts not meeting
requirements. In addition, part deformations that are drastic
enough to cause machine collisions and recoater tears further
increase AM costs. Cost models show that indirect costs,
such as the time associated with the pre- and post-processing,
are a key driver in AM costs [26]. More thorough models
that include ill-structured costs will account for factors such
as waste and show the importance of reducing scrap [27].
One model even factors for up to seven times the material
use to fully account for scrap waste [28]. Defects that can be
prevented through re-work do prevent scrap waste, but the
operations then increase in-direct costs. Being able to better
control the part deformation serves to ensure more prints
are successful and cost-effective. While AM’s advantages
have been discussed in one-off parts and small-batch produc-
tions, reducing the unit cost will increase its competitiveness
against established manufacturing methods that enjoy the
economies of scale [29]. The reductions of deflections shown
in this paper, with the bottom surface reducing by 6.06%
(maximum vertical deflection), the overhang by 11.21%, the
hole by 24.59%, and the roof by 32.10%, show a move in
this direction.
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The parts were scanned and measured via blue light imme-
diately after removal from the build plate and then again after
the supports were removed. The roof parts with beam, Y, beam-
hole, and one beam-plate support were not able to have their
supports removed. This reflected the importance of the success
metric of removability as even if those parts had shown zero
deformation, they would still be unusable because the supports
could not be removed. For the remaining parts, some support
removals caused changes in part deformation. The hole geom-
etries both showed less deformation after support removal than
after removal from the build plate. Conversely, the overhang
with box supports saw worse maximum deformation after sup-
port removal than when measured after removal from the build
plate. The deformation of the beam supports in Fig. 5 compared
to the Y supports is an example of different supports’ reactions
to residual stress. This highlights that deformation still affects
the part even after the build process is complete, and it opens
the door for further research on stress-reducing post-processing
methods. Some simulation software also offer results for these
intermediate steps with the part pre- and post-support removal,
as well as different post-processing steps [23]. Stress analysis
in AM does not conclude once the build of the part is complete
as this is often not the end-use geometry.

4.2 Guideline creation and advanced support
geometry

Guidelines are commonly found in many areas of design
[30-33]. The creation of guidelines supports the standardization

of work and creates more consistent and less subjective work.
With AM being a young process relative to other manufacturing
methods, inexperienced engineers joining the field do not have
the same number of resources as available in more established
manufacturing processes. Guidelines were developed to help fill
the need for resources for young engineers as well as formally
present new information to experienced engineers. Based on the
findings detailed above, the guidelines were created based on a
modified version of the Unit Cell Design Guideline Develop-
ment Method [34]. Modifications were made to a geometry,
then simulations and prints demonstrated changes in behavior,
so an if-then relation was created. If one of the features is seen
in a part, then the design envelope and suggested supports are
presented. The guideline for the bottom surface feature is shown
in Fig. 7.

The creation of guidelines supports the standardization of
work and creates more consistent and less subjective work.
Subjectivity has been shown in guideline implementation,
with inexperienced designers creating different structures
than their more experienced counterparts [34]. As more
solution supports are generated and the understanding of the
print behavior improves, the design envelopes will be nar-
rowed, and the support designs will converge. Furthermore,
this guideline development structure is not confined strictly
to DMLM or nickel-based materials but instead lends itself
for continued growth to parallel that of AM.

In this study, simple example support structures were
manually created from solid mechanics intuition and previ-
ous results to satisfy the needs of each geometry according

Bottom Surface

Description

e External part gap

e Two stress concentration points —
o Two open sides

Mechanical

Design Envelope S

The bottom surface will bow down in the middle. Supports
should be placed to address the mechanics needs of
compression in the middle and tension on the ends closes to the
vertical walls.

Example Solutions

Columns are placed in the middle to prevent compression from
bowing.

Fig.7 Guidelines generated for the bottom surface geometry
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to the design envelopes. In common commercial AM prepa-
ration software, support generation often involves simple
plates, block, columns, and gussets [11]. Research is being
conducted in generating cellular structures that better uti-
lize the design freedoms and complexity capabilities of AM
[11]. Optimization tools are also being applied to the sup-
ports in order to minimize the traditional targets of print
time and material use [35]. Combining these two research
threads leads to the use of topology optimization to design
advanced support geometries such as gyroids that are func-
tionally graded [36-39]. Integrating these technologies with
the described design envelopes shown in the guidelines
would reduce both deformation and material use by address-
ing the specific needs of different features of a part with the
optimized and advanced support geometries. Rather than
using optimization metrics such as heat conduction or sur-
face finish, the equations can be tailored to each part based
on the understanding of the deformation presented in the
guidelines [36, 39].

5 Conclusions

This work redefines support structures as design tools rather
than the necessary waste they were considered as previously.
Traditionally, supports were placed in a constant and con-
sistent fashion as defined by process limits, with revisions
being made to the part geometry to ensure a successful print.
Instead, it is shown that support structure design is an active
and intentional process that positively impacts part deforma-
tion. The placement and shaping of supports are key param-
eters to a successful print. This is demonstrated in defining
supported regions as either mechanically driven or process
limit driven and encouraging the application of a varied sup-
port layout within the same part region, a novel approach
to supporting parts in metal AM. Different features have
distinct needs and should be supported as such. This work
presents supports as a new tool to AM engineers that enables
them to reduce part deformation without affecting the shape
of the part that is already defined by design requirements.
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