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Abstract

Increasing stiffness and failure loads while minimizing mass is useful in many engineering
applications, including the design of thin plates and shells. In this paper, the performance of thin
plates using a range of stiffening approaches were studied for the specific instance of compressive
loading. Periodic, graded, stepped, “Voronoi” stochastic, and topologically optimized patterns
were explored. These stiffening designs were realized using different software tools and
manufactured with the Selective Laser Sintering (SLS) process. These 3D printed specimens were
tested under compression to assess their mechanical response. Videos of these tests were recorded
to study the shape of the failure modes. This data was analyzed to determine the performance of
the different stiffener designs, in comparison to the performance of baseline plates without any
stiffening. The study concludes with a discussion of the results and their implications for stiffening
thin plates, showing that triangular and stochastic stiffening strategies show particular promise in
increasing specific compressive stiffness and specific buckling load.

Keywords: Design for Additive Manufacturing, Stiffener, Compression, Plate, Shell, Topology
Optimization

Introduction

Load bearing components in large, planar equipment such as housings, pressure vessels
and ribs, often have horizontal and/or vertical stiffeners distributed throughout their surface. These
stiffeners play a major role in determining the mechanical performance of the structures. There are
several ways plates can be stiffened — like all cellular materials, the key questions involve selecting
a unit cell, its size and distribution, the associated design parameters, and finally integration of
these units into the larger structure [1]. Conventionally, stiffener patterns are derived from
repetition of primitive shapes such as circles, squares and triangles. Stochastic and biomimetic
patterns have also been explored. Chacon et al. [2] stiffened a steel plate with longitudinal and
transverse stiffeners and concluded that both increased the resistance of the steel plate to loading
when compared to unstiffened members. Xu et al. [3] studied the elastic stability of horizontally
stiffened steel plate walls in compression and found that closed section stiffeners can effectively
increase the elastic critical buckling stress. Vu et al. [4] investigated the optimum locations of
multiple longitudinal web stiffeners for steel plates under bending by using a gradient-based
interior point optimization algorithm and suggested an efficient method for optimizing the location
and the flexural rigidity of longitudinal stiffeners installed at one side of the web of plates. Eswara
Kumar et al. [5] explored various stiffener patterns (honeycomb, triangular, square, semi-circular,
rectangular, circular, helical etc.), and concluded that the helical stiffener design was optimum for
the designs evaluated. Glassman et al. [6] examined the effectiveness of stiffeners for enhancing
the shear capacity of slender plates at ambient and elevated temperatures and found that for lower
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temperatures, a stiffener oriented along the compression diagonal provides the most improvement
in shear strength, but for temperatures above 600°C the stiffener is ineffective regardless of the
stiffener’s geometric orientation. Ali et al. [7] studied the bending of biomimetic scale covered
beams under discrete non-periodic engagement and made a comparative study between the
symmetric and non-symmetric structures. Putra et al. [8] carried out structural optimization of
stiffener layout for a plate by using number and type of stiffeners as discrete design variables and
optimized their designs using a genetic algorithm.

In this experimental study, different plate stiffening approaches are examined under
compressive loading. Of specific interest is how periodic, graded, and stochastic patterns influence
the compressive stiffness and buckling load, as a function of mass (“specific” properties), and how
these compare to unstiffened and topologically optimized baselines. In choosing these three
approaches, we follow the classification of cellular materials proposed by Bhate et al. [9]. The
relative merits of these different approaches to stiffening plates have received limited study in the
literature, particularly in the context of design optimization and Additive Manufacturing (AM). In
the next section, the methods employed in this study are discussed, ranging from design,
manufacturing and testing under compression. Results are presented, followed by an analysis in
terms of the metrics of interest (specific compressive stiffness, and specific buckling load). The
paper concludes with an interpretation of these findings, and their implications for future work.

Methods

The approach used in this study is summarized in Figure 1 and can be broken down into
three different steps: (i) the CAD design of the specimens to be tested, conducting using three
different software packages, (i) manufacturing these specimens using the Selective Laser
Sintering (SLS) process with Nylon 12 (PolyAmide 2200), and (iii) compression testing conducted
on a mechanical test frame. In this section, each of these methods is discussed in more detail.

Specimen Design Manufacturing Testing
h=ie o
i
SolidWorks, Fusion 360 EOS Formiga P110 INSTRON 8801
nTopology Element Nylon 12 (PA 2200) Compression, 107 s

SolidThinking Inspire
Figure 1. The three key steps of this work involved specimen design, manufacturing and testing, along
with the associated software and hardware utilized.
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i. Specimen Design

Five families of plate design concepts were explored in this work: unstiffened baseline,
square, triangular, stochastic and topology optimized. Each of these is discussed in turn.

a. Unstiffened baseline

In order to be able to compare the different stiffening strategies, a baseline was first
generated with dimensions shown in Figure 2, using SolidWorks CAD software. An initial design
exploration study was conducted to establish a minimum wall thickness that could be reliably
printed with the SLS process (at the lower bound for manufacturability) and gave good test results
under compression (to set the upper and lower bounds for testability). Specimens were designed
between 1 and 6 mm thick to conduct this study.

50.00

60.00

Figure 2. Solid Plate CAD Measurements

Compression tests showed good stability for the 1.5, 2, 2.5, 3, 4 and 6 mm thickness plates.
The Imm plate failed to generate usable data, likely due to the fact that the force needed to deform
it was very low in comparison to the sensitivity of the compression tester used. As a result of these
evaluations, solid plates with thicknesses 1.5 and 2mm were designed as the baselines for the rest
of the study.

A second exploration study was conducted to establish the extrusion thickness of the
stiffeners in both sides of the specimen. Different extrusion thicknesses and widths were printed
in order to select the one with the best resolution as determined visually. The selected values were
.5 mm for the thickness of the beam and 2 mm for the extruded length, the latter shown in Figure
3.
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L
Figure 3. Solid plate CAD file showing an extrusion thickness of 2mm on a 1.5mm thick plate

b. Triangular

Triangular patterns are commonly used for plate stiffening. In this work, we used two
different triangular unit cell designs with a periodic and graded approach, in five different designs,
shown in Figure 4. Designs 1 and 2 represent periodic triangular patterns with a cross- and diagonal
layout, respectively. Designs 3, 4 and 5 are graded, in an attempt to study its effects on buckling
(i.e. change specific bucking load). Designs 3 and 4 have the diagonal layout, design 5 has the
crossed layout.

1

Periodic Triangular Pattern 1~ Periodic Triangular Pattern 2 Graded Triangular Pattern 1 Graded Triangular Pattern 2 Graded Triangular Pattern 3

Figure 4. The five different triangular patterns evaluated in this work: designs 1 and 2 are periodic,
designs 3-5 are graded.

c. Square
The design software Fusion360 [10] was used to develop three square-based stiffening

patterns, shown in Figure 5, as a counterpoint to the triangular patterns in Figure 4. Once again,
graded structures were implemented to ascertain their effects on the specific buckling load.
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6 7 8

Periodic Square Pattern Graded Square Pattern 1 Graded Square Pattern 2
Figure 5. The three different square patterns evaluated in this work: designs 6 is periodic, designs 7 and 8
are graded.

d. Stochastic

Four types of stochastic stiffening strategies were implemented based on the concept of
“Voronoi diagram” [11], using the software package Element from nTopology [12], as shown in
Figure 6. Element allows the prescription of a uniform stochastic distribution of a certain average
cell size, used in Design 12. For Designs 9-10, a step function is employed, and a drop-off graph
with a 50mm range of influence is used for design 11, resulting in varying gradations and densities.

10 11 12

Step Stochastic [ Step Stochastic IT Graded Stochastic Uniform Stochastic

Figure 6. Four different stochastic patterns evaluated in this work: designs 9-10 employ a step function,
design 11 is graded, design 12 is uniform.

e. Topology Optimized

Finally, as a contrast to the cellular based stiffening approaches discussed above, three
specimens were designed using topology optimization using the Inspire software from
SolidThinking [13]. Starting from a 2mm thick base, plate 2 mm in each direction extending out
of each face of the plate was designated as a design space for adding mass during the topology
optimization. The base of the I-beam was fixed and the top loaded with a force of 65.59 psi. This
force value was chosen since it was close to the the failure load of comparable solid plate test
specimens established during experimental testing, discussed in a later section. For these
specimens the objective was to maximize stiffness. The amount of remaining mass can be selected
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before the optimization is executed. For this study, three different samples were created: 10% mass
retention, 30% mass retention, and 50% mass retention. No safety factors were specified.

13 14 15

10% Mass Retention TopOpt 30% Mass Retention TopOpt 50% Mass Retention TopOpt

Figure 6. Topology optimization approach to stiffening plates with three different mass retention
constraints specified with the objective of maximizing stiffness

iil. Manufacturing

All specimens were printed on the EOS Formiga P110 Selective Laser Sintering (SLS) printer,
shown in Figure 7a. PA 2200 Nylon powder was used, with material properties (for topology
optimization studies discussed previously, and for mass calculations) extracted from online
datasheets for printed PA 2200 Nylon powder from EOS [14]. Specimens were printed in the same
relative orientation, with their plate faces parallel to the printer’s Z-axis, as shown in Figure 7b.
Specimens were printed in two different, but successive print batches, but due to the small number
of specimens in this study, with no replications, batch effect was not studied. Parts were blasted
with compressed air and rinsed with water and dried, to remove loose nylon powder.

i o &

(b)
Figure 7 (a) EOS Formiga P110 SLS system used in this study, (b) 3D nested layout
used to fabricate these specimens, showing orientation of I-beams
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iili. Compression Testing

The stiffened plates were tested under compression testing at a strain rate of 10~ s™ in an
Instron 8801 machine with a S0kN capacity, following strain rates recommended in ISO standards
for cellular material testing [15]. The main objectives were to find the load value corresponding to
the observation of buckling in the plates, and to estimate the elastic stiffness under compression
prior to this buckling event. As a result of this, the test was stopped after compressing 20 mm of
the plate, which was found to be adequate to cause buckling in all the plates tested.

(a) (b)
Figure 8 (a) The servohydraulic Instron 8801 machine (50kN capacity), (b) Typical test specimen used in
this study, tested under compression between platens

To make comparisons across many specimen designs, the buckling load and the initial,
elastic plate stiffness was estimated. CAD file outputs were used to estimate the volume of each
plate, which by multiplying by the published density of Nylon 12, yields a mass quantity. This
value was used to estimate a specific stiffness and a specific buckling load for each of the plates
(the specific stiffness and specific buckling load are calculated by dividing each respective value
by the calculated specimen mass). The buckling load was determined by finding the maximum
force value from the response graph of each plate. Going backward from the buckling load to the
start of the test, the stiffness of the plate was determined by finding the slope of the force-
displacement curve. A linear regression curve was fit to the data region. If R? was less than 0.99,
the data range was reduced until this criteria was met, as shown in Figure 9

-0.80 -0.60 -0.40 -0.20 0.00
0.00
y =277.23x - 9.7339
R? = 0.9946 -50.00
‘.
‘Q

@

o9° -100.00
o8

o -150.00
-200.00

Figure 9 Example of a linear fit with R? greater than 0.99
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Results

In this section, load-displacement results from compression testing are presented for each
of the five families of plates studied: baseline, triangular, square, stochastic, and topologically
optimized. Each load-displacement graph, with the exception of the baseline, is accompanied with
an image from a video that captured the deformation pattern under compression. In the next
section, these datasets are normalized for comparison against each other and inferences drawn.
Without normalization, the raw load-displacement plots may be misunderstood, since the mass of
each of these plates is different.

a. Unstiffened baseline

Each of the six plates, separated in thickness by 0.5mm, shows an increase in peak buckling
load, and stiffness as well, as expected, and shown in Figure 10. For all subsequent test results, the
thinnest (1.5mm) and thickest (6mm) plates are represented as lower and upper bounds,
respectively. This also helps compare all the graphs in relation to one another.

Displacement (mm)
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

-200
-400

-600
——1.5mm Solid Plate

——2mm Solid Plate
——2.5mm Sclid Plate
3mm Solid Plate
—4mm Solid Plate
——~6mm Solid Plate

-800

Load (kgf)

-1000
-1200
-1400
-1600
-1800

Figure 10. Load displacement graphs for the six solid plate baselines (unstiffened) tested

b. Triangular

Load displacement results for the five plates stiffened with the triangular patterns (two
periodic, two graded, are shown in Figure 11a). Figure 11b shows the post-buckling profiles of the
plates. As can be seen, all but pattern 5 have buckling initiate along the centerline. For pattern 5,
the buckling is initiated above the denser graded region in the middle.

¢. Square

Load displacement results for the three plates stiffened with the square patterns (one
periodic, two graded, are shown in Figure 12a). Figure 12b shows the buckling profile of these
plates. While the periodic square stiffened plate has a symmetric buckling pattern, the graded
patterns clearly show a shift in the profile away from the center.
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d. Stochastic

The stochastic shapes all showed fairly symmetric buckling shapes, as shown in Figure
13b. Pattern 9, with the highest localization of Voronoi cells in the center, had the highest buckling
load, as seen in Figure 13a.

e. Topology Optimized

The topologically optimized plates showed results in line with expectations for the three
mass retentions studied, see Figure 14a. Of all non-baseline shapes studied, the 50% mass retention
optimized solution had the highest buckling load. The next section will examine if this can be
explained on the basis of the additional mass alone, or is improved because of design.

Displacement (mm)

-20 -15 -10 -5 0
-50
-250
-450
—1.5mm Solid Plate frang
_ 650 2
—Bmm Solid Plate =
—— Periodic Triangular (Pattern 1) -850 E
-Periodic Triangular (Pattern 2) —
-1050
—Graded Triangular (Pattern 3)
——Graded Triangular (Pattern 4) -1250
——Graded Triangular (Pattern 3) 1450
-1650
(a)
1 2 3 4 5

(b)
Figure 11. (a) Load displacement graphs for the five plates stiffened with triangular patterns, along with
the upper and lower baselines, and (b) Buckling patterns for the five patterns (side view for pattern 2 not
available, hence showing front view during buckling)
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Displacement (mm)
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(=]
=
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. o
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—— Periodic Square (Pattern 6)
Graded Square (Pattem 7) -1050
——Graded Square (Pattem 8) 1250
-1450
' -1650

(a)

(b)

Figure 12. (a) Load displacement graphs for the three plates stiffened with square patterns, along with the
upper and lower baselines, and (b) Buckling patterns for the three patterns
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Displacement (mm)
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——Uniform Stochastic (Pattern 11) -1250
-1450
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(a)

(b)

Figure 13. (a) Load displacement graphs for the five plates stiffened with stochastic patterns, along with
the upper and lower baselines, and (b) Buckling patterns for the four patterns (side view for pattern 12 not
available, hence showing front view during buckling)
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Displacement (mm)
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Figure 14. (a) Load displacement graphs for the five plates stiffened with topologically optimized
patterns, along with the upper and lower baselines, and (b) Buckling patterns for the three mass retention
values (side view for pattern 2 not available, hence showing front view during buckling)
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Discussion

As discussed before, load-displacement data presented in Figures 9-13 do not lend
themselves to meaningful comparison since the mass of each plate varies. If one is to examine the
effectiveness of any particular design strategy, a “specific”’ metric, that is normalized with respect
to mass, may be used. The two metrics of interest in this work are the specific stiffness and the
specific buckling load and these are plotted in Figures 15 and 16, respectively, color coded by the
type of stiffening strategy employed. Specific stiffness was obtained by dividing the estimated
stiffness for each plate by the mass of the plate (estimated using the volume of the plate in design
and the published density of Nylon 12 in the supplier datasheet). A similar procedure was followed
for estimated buckling load, dividing the peak load by the mass of the plate.

For specific stiffness, the results suggest that improvements in plate stiffness under
compression over the baseline stiff plates, are attainable. The baseline plates show increasing
stiffness with more mass, as would be expected, with the exception of the 6mm solid plate. As
shown in Figure 14, using the highest performing baseline plate (4mm) as a reference (shown as
the dotted line), several shapes outperform this baseline. The top 3 shapes that do so are labeled.
For triangular shapes, the diagonal overlay (Pattern 2 in Figures 4 and 10) performs better than the
cross-pattern (Pattern 1). However, the top performing shape is somewhat surprisingly, the
stochastic shape. Stochastic geometries tend to be more commonly associated with high-
compliance, energy absorbing structures [16,17]. The uniform stochastic stiffener plate (Pattern
12) is not particularly impressive, but when gradation is added to the shape, it does have the
promise of increasing specific stiffness, at least based on these results.
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Figure 15. Specific stiffness histogram by design, classified by type of stiffening strategy
With regard to buckling load, the results suggest that no cellular stiffening strategy

outperformed the solid plate, as can be seen in Figure 16. However, within all the stiffening designs
considered, the triangular Pattern 2 again outperformed the rest. Introduction of gradation in the

1905



center seemed to not positively effect the buckling load for these structures. The topology
optimized solution with 50% mass retention had a high specific buckling load.
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Figure 16. Specific buckling load histogram by design, classified by type of stiffening strategy

While this dataset is very limited, both in terms of design space explored, and in terms of
replicates to build confidence in it, it suggests some promising lines of future inquiry. The periodic,
diagonal triangular shape seems to be the best performing stiffening design when both specific
stiffness and specific buckling load are considered. Interestingly, localizing mass at the center, as
was done with the step- and graded designs, seemed to have no improving effect on the data,
suggesting that the aperiodicity of these designs may have led to a buckling instability that the
more uniform geometries took longer to initiate. Stochastic stiffening also showed some promise
— and there are some examples in nature (like dragonfly wings [ 18]) that suggest stochastic designs
may be useful for thin plate stiffening, at least in the context of the combined goals of fluid flow
and stiffening, and where buckling loads are less of a concern in relation to maintaining plate
shape.

Acknowledgements

This work was conducted as part of a research project in the MFG 598: Design for Additive
Manufacturing course offered in the Spring of 2019 at the Arizona State University. The authors
wish to acknowledge support from the Maricopa County Industrial Development Authority
(MCIDA) and the Fulton Schools of Engineering at Arizona State University, where these parts
were fabricated and tested, as well as Altair Engineering and nTopology for providing access to
their software that was used to generate the designs in this paper.

1906



[1]
[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]

References

D. Bhate, Four Questions in Cellular Material Design, MDPI Mater. (2019) 1-12.

R. Chacon, E. Mirambell, E. Real, Transversally and longitudinally stiffened steel plate
girders subjected to patch loading, Thin-Walled Struct. (2019).
doi:10.1016/5.tws.2019.02.0009.

Z. Xu, G. Tong, L. Zhang, Design of horizontal stiffeners for stiffened steel plate walls in
compression, Thin-Walled Struct. 132 (2018) 385-397. doi:10.1016/5.tws.2018.09.003.
Q.-V. Vu, G. Papazafeiropoulos, C. Graciano, S.-E. Kim, Optimum linear buckling
analysis of longitudinally multi-stiffened steel plates subjected to combined bending and
shear, Thin-Walled Struct. 136 (2019) 235-245. doi:10.1016/j.tws.2018.12.008.

A. Eswara Kumar, R. Krishna Santosh, S. Ravi Teja, E. Abishek, Static and Dynamic
Analysis of Pressure Vessels with Various Stiffeners, Mater. Today Proc. 5 (2018) 5039—
5048. doi:10.1016/j.matpr.2017.12.082.

J.D. Glassman, V. Boyce, M.E.M. Garlock, Effectiveness of stiffeners on steel plate shear
buckling at ambient and elevated temperatures, Eng. Struct. 181 (2019) 491-502.
doi:10.1016/j.engstruct.2018.12.012.

H. Ali, H. Ebrahimi, R. Ghosh, Bending of biomimetic scale covered beams under
discrete non-periodic engagement, Int. J. Solids Struct. 166 (2019) 22-31.
doi:10.1016/j.ijs0lstr.2019.01.021.

G.L. Putra, M. Kitamura, A. Takezawa, Structural optimization of stiffener layout for
stiffened plate using hybrid GA, Int. J. Nav. Archit. Ocean Eng. 11 (2019) 809-818.
doi:10.1016/j.ijnaoe.2019.03.005.

D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and Selection of Cellular Materials in
Mechanical Design : Engineering and Biomimetic Approaches, MDPI Des. (2019) 1-27.
Autodesk, Fusion 360, (n.d.). https://www.autodesk.com/products/fusion-360/overview.
F. Aurenhammer, Voronoi diagrams---a survey of a fundamental geometric data structure,
ACM Comput. Surv. 23 (1991) 345-405. doi:10.1145/116873.116880.

NTopology, Element, (2018). www.nTopology.com.

SolidThinking, Inspire, (n.d.). https://solidthinking.com/product/inspire/.

EOS, PA2200 Nylon Powder Material Properties, (n.d.).
https://www.3dhubs.com/material/eos-pa-2200 (accessed January 6, 2019).

ISO, ISO 13314: Mechanical testing of metals, ductility testing, compression test for
porous and cellular metals, 2011. doi:ISO 13314:2011.

M.F. Ashby, A.G. Evans, N.A. Fleck, L.J. Gibson, J.W. Hutchinson, H.N.G. Wadley,
Metal Foams : A Design Guide, Butterworth Heinemann, 2000.

L.J. Gibson, M.F. Ashby, Cellular Solids: Structure and Properties, 2nd ed., Cambridge
Solid State Science Series, 1999.

S.A. Combes, T.L. Daniel, Flexural stiffness in insect wings II. Spatial distribution and
dynamic wing bending, J. Exp. Biol. 206 (2003) 2989-2997. doi:10.1242/jeb.00524.

1907



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts and Education
	Design for Additive Manufacturing: Simplification of Product Architecture by Part Consolidation for the Lifecycle
	An Open-Architecture Multi-Laser Research Platform for Acceleration of Large-Scale Additive Manufacturing (ALSAM)
	Large-Scale Identification of Parts Suitable for Additive Manufacturing: An Industry Perspective
	Implementation of 3D Printer in the Hands-On Material Processing Course: An Educational Paper
	Conceptual Design for Additive Manufacturing: Lessons Learned from an Undergraduate Course
	An Empirical Study Linking Additive Manufacturing Design Process to Success in Manufacturability
	Investigating the Gap between Research and Practice in Additive Manufacturing

	Binder Jetting
	Influence of Drop Velocity and Droplet Spacing on the Equilibrium Saturation Level in Binder Jetting
	Process Integrated Production of WC-Co Tools with Local Cobalt Gradient Fabricated by Binder Jetting
	The Effect of Print Speed on Surface Roughness and Density Uniformity of Parts Produced Using Binder Jet 3D Printing
	Experimental Investigation of Fluid-Particle Interaction in Binder Jet 3D Printing
	Binder Saturation, Layer Thickness, Drying Time and Their Effects on Dimensional Tolerance and Density of Cobalt Chrome - Tricalcium Phosphate Biocomposite

	Data Analytics
	Predicting and Controlling the Thermal Part History in Powder Bed Fusion Using Neural Networks
	‘Seeing’ the Temperature inside the Part during the Powder Bed Fusion Process
	Conditional Generative Adversarial Networks for In-Situ Layerwise Additive Manufacturing Data
	In-Situ Layer-Wise Quality Monitoring for Laser-Based Additive Manufacturing Using Image Series A
	Applications of Supervised Machine Learning Algorithms in Additive Manufacturing: A Review
	Real-Time 3D Surface Measurement in Additive Manufacturing Using Deep Learning
	Roughness Parameters for Classification of As-Built and Laser Post-Processed Additive Manufactured Surfaces
	Application of the Fog Computing Paradigm to Additive Manufacturing Process Monitoring and Control
	Spectral X-ray CT for Fast NDT Using Discrete Tomography

	Hybrid AM
	Part Remanufacturing Using Hybird Manufacturing Processes
	Integration Challenges with Additive/Subtractive In-Envelope Hybrid Manufacturing
	Robot-Based Hybrid Manufacturing Process Chain
	Integrated Hardfacing of Stellite-6 Using Hybrid Manufacturing Process
	Inkjet Printing of Geometrically Optimized Electrodes for Lithium-Ion Cells: A Concept for a Hybrid Process Chain
	Ultrasonic Embedding of Continuous Carbon Fiber into 3D Printed Thermoplastic Parts

	Materials: Metals
	Comparison of Fatigue Performance between Additively Manufactured and Wrought 304L Stainless Steel Using a Novel Fatigue Test Setup
	Elevated Temperature Mechanical and Microstructural Characterization of SLM SS304L
	Fatigue Behavior of Additive Manufactured 304L Stainless Steel Including Surface Roughness Effects
	Joining of Copper and Stainless Steel 304L Using Direct Metal Deposition
	SS410 Process Development and Characterization
	Effect of Preheating Build Platform on Microstructure and Mechanical Properties of Additively Manufactured 316L Stainless Steel
	Characterisation of Austenitic 316LSi Stainless Steel Produced by Wire Arc Additive Manufacturing with Interlayer Cooling
	Effects of Spatial Energy Distribution on Defects and Fracture of LPBF 316L Stainless Steel
	Environmental Effects on the Stress Corrosion Cracking Behavior of an Additively Manufactured Stainless Steel
	Effect of Powder Chemical Composition on Microstructures and Mechanical Properties of L-PBF Processed 17-4 PH Stainless Steel in the As-Built And Hardened-H900 Conditions
	Powder Variation and Mechanical Properties for SLM 17-4 PH Stainless Steel
	Fatigue Life Prediction of Additive Manufactured Materials Using a Defect Sensitive Model
	Evaluating the Corrosion Performance of Wrought and Additively Manufactured (AM) Invar ® and 17-4PH
	Comparison of Rotating-Bending and Axial Fatigue Behaviors of LB-PBF 316L Stainless Steel
	A Study of Pore Formation during Single Layer and Multiple Layer Build by Selective Laser Melting
	Dimensional Analysis of Metal Powder Infused Filament - Low Cost Metal 3D Printing
	Additive Manufacturing of Fatigue Resistant Materials: Avoiding the Early Life Crack Initiation Mechanisms during Fabrication
	Additive Manufacturing of High Gamma Prime Nickel Based Superalloys through Selective Laser Melting (SLM)
	Investigating the Build Consistency of a Laser Powder Bed Fused Nickel-Based Superalloy, Using the Small Punch Technique
	Fatigue Behavior of Laser Beam Directed Energy Deposited Inconel 718 at Elevated Temperature
	Very High Cycle Fatigue Behavior of Laser Beam-Powder Bed Fused Inconel 718
	Analysis of Fatigue Crack Evolution Using In-Situ Testing
	An Aluminum-Lithium Alloy Produced by Laser Powder Bed Fusion
	Wire-Arc Additive Manufacturing: Invar Deposition Characterization
	Study on the Formability, Microstructures and Mechanical Properties of Alcrcufeniᵪ High-Entropy Alloys Prepared by Selective Laser Melting
	Laser-Assisted Surface Defects and Pore Reduction of Additive Manufactured Titanium Parts
	Fatigue Behavior of LB-PBF Ti-6Al-4V Parts under Mean Stress and Variable Amplitude Loading Conditions
	Influence of Powder Particle Size Distribution on the Printability of Pure Copper for Selective Laser Melting
	Investigation of the Oxygen Content of Additively Manufactured Tool Steel 1.2344
	The Porosity and Mechanical Properties of H13 Tool Steel Processed by High-Speed Selective Laser Melting
	Feasibility Analysis of Utilizing Maraging Steel in a Wire Arc Additive Process for High-Strength Tooling Applications
	Investigation and Control of Weld Bead at Both Ends in WAAM

	Materials: Polymers
	Process Parameter Optimization to Improve the Mechanical Properties of Arburg Plastic Freeformed Components
	Impact Strength of 3D Printed Polyether-Ether-Ketone (PEEK)
	Mechanical Performance of Laser Sintered Poly(Ether Ketone Ketone) (PEKK)
	Influence of Part Microstructure on Mechanical Properties of PA6X Laser Sintered Specimens
	Optimizing the Tensile Strength for 3D Printed PLA Parts
	Characterizing the Influence of Print Parameters on Porosity and Resulting Density
	Characterization of Polymer Powders for Selective Laser Sintering
	Effect of Particle Rounding on the Processability of Polypropylene Powder and the Mechanical Properties of Selective Laser Sintering Produced Parts
	Process Routes towards Novel Polybutylene Terephthalate – Polycarbonate Blend Powders for Selective Laser Sintering
	Impact of Flow Aid on the Flowability and Coalescence of Polymer Laser Sintering Powder
	Curing and Infiltration Behavior of UV-Curing Thermosets for the Use in a Combined Laser Sintering Process of Polymers
	Relationship between Powder Bed Temperature and Microstructure of Laser Sintered PA12 Parts
	Understanding the Influence of Energy-Density on the Layer Dependent Part Properties in Laser-Sintering of PA12
	Tailoring Physical Properties of Shape Memory Polymers for FDM-Type Additive Manufacturing
	Investigation of The Processability of Different Peek Materials in the FDM Process with Regard to the Weld Seam Strength
	Stereolithography of Natural Rubber Latex, a Highly Elastic Material

	Materials: Ceramics and Composites
	Moisture Effects on Selective Laser Flash Sintering of Yttria-Stabilized Zirconia
	Thermal Analysis of Thermoplastic Materials Filled with Chopped Fiber for Large Area 3D Printing
	Thermal Analysis of 3D Printed Continuous Fiber Reinforced Thermoplastic Polymers for Automotive Applications
	Characterization of Laser Direct Deposited Magnesium Aluminate Spinel Ceramics
	Towards a Micromechanics Model for Continuous Carbon Fiber Composite 3D Printed Parts
	Effect of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	3D Printing of Compliant Passively Actuated 4D Structures
	Effect of Process Parameters on Selective Laser Melting Al₂O₃-Al Cermet Material
	Strengthening of 304L Stainless Steel by Addition of Yttrium Oxide and Grain Refinement during Selective Laser Melting
	Approach to Defining the Maximum Filler Packing Volume Fraction in Laser Sintering on the Example of Aluminum-Filled Polyamide 12
	Laser Sintering of Pine/Polylatic Acid Composites
	Characterization of PLA/Lignin Biocomposites for 3D Printing
	Electrical and Mechancial Properties of Fused Filament Fabrication of Polyamide 6 / Nanographene Filaments at Different Annealing Temperatures
	Manufacturing and Application of PA11-Glass Fiber Composite Particles for Selective Laser Sintering
	Manufacturing of Nanoparticle-Filled PA11 Composite Particles for Selective Laser Sintering
	Technique for Processing of Continuous Carbon Fibre Reinforced Peek for Fused Filament Fabrication
	Processing and Characterization of 3D-Printed Polymer Matrix Composites Reinforced with Discontinuous Fibers
	Tailored Modification of Flow Behavior and Processability of Polypropylene Powders in SLS by Fluidized Bed Coating with In-Situ Plasma Produced Silica Nanoparticles

	Modeling
	Analysis of Layer Arrangements of Aesthetic Dentures as a Basis for Introducing Additive Manufacturing
	Computer-Aided Process Planning for Wire Arc Directed Energy Deposition
	Multi-Material Process Planning for Additive Manufacturing
	Creating Toolpaths without Starts and Stops for Extrusion-Based Systems
	Framework for CAD to Part of Large Scale Additive Manufacturing of Metal (LSAMM) in Arbitrary Directions
	A Standardized Framework for Communicating and Modelling Parametrically Defined Mesostructure Patterns
	A Universal Material Template for Multiscale Design and Modeling of Additive Manufacturing Processes

	Physical Modeling
	Modeling Thermal Expansion of a Large Area Extrusion Deposition Additively Manufactured Parts Using a Non-Homogenized Approach
	Localized Effect of Overhangs on Heat Transfer during Laser Powder Bed Fusion Additive Manufacturing
	Melting Mode Thresholds in Laser Powder Bed Fusion and Their Application towards Process Parameter Development
	Computational Modelling and Experimental Validation of Single IN625 Line Tracks in Laser Powder Bed Fusion
	Validated Computational Modelling Techniques for Simulating Melt Pool Ejecta in Laser Powder Bed Fusion Processing
	Numerical Simulation of the Temperature History for Plastic Parts in Fused Filament Fabrication (FFF) Process
	Measurement and Analysis of Pressure Profile within Big Area Additive Manufacturing Single Screw Extruder
	Numerical Investigation of Extrusion-Based Additive Manufacturing for Process Parameter Planning in a Polymer Dispensing System
	Alternative Approach on an In-Situ Analysis of the Thermal Progression during the LPBF-M Process Using Welded Thermocouples Embedded into the Substrate Plate
	Dynamic Defect Detection in Additively Manufactured Parts Using FEA Simulation
	Simulation of Mutually Dependent Polymer Flow and Fiber Filled in Polymer Composite Deposition Additive Manufacturing
	Simulation of Hybrid WAAM and Rotation Compression Forming Process
	Dimensional Comparison of a Cold Spray Additive Manufacturing Simulation Tool
	Simulated Effect of Laser Beam Quality on the Robustness of Laser-Based AM System
	A Strategy to Determine the Optimal Parameters for Producing High Density Part in Selective Laser Melting Process
	Rheology and Applications of Particulate Composites in Additive Manufacturing
	Computational Modeling of the Inert Gas Flow Behavior on Spatter Distribution in Selective Laser Melting
	Prediction of Mechanical Properties of Fused Deposition Modeling Made Parts Using Multiscale Modeling and Classical Laminate Theory

	Process Development
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Development of a Standalone In-Situ Monitoring System for Defect Detection in the Direct Metal Laser Sintering Process
	Frequency Inspection of Additively Manufactured Parts for Layer Defect Identification
	Melt Pool Monitoring for Control and Data Analytics in Large-Scale Metal Additive Manufacturing
	Frequency Domain Measurements of Melt Pool Recoil Pressure Using Modal Analysis and Prospects for In-Situ Non-Destructive Testing
	Interrogation of Mid-Build Internal Temperature Distributions within Parts Being Manufactured via the Powder Bed Fusion Process
	Reducing Computer Visualization Errors for In-Process Monitoring of Additive Manufacturing Systems Using Smart Lighting and Colorization System
	A Passive On-line Defect Detection Method for Wire and Arc Additive Manufacturing Based on Infrared Thermography
	Examination of the LPBFProcess by Means of Thermal Imaging for the Development of a Geometric-Specific Process Control
	Analysis of the Shielding Gas Dependent L-PBF Process Stability by Means of Schlieren and Shadowgraph Techniques
	Application of Schlieren Technique in Additive Manufacturing: A Review
	Wire Co-Extrusion with Big Area Additive Manufacturing
	Skybaam Large-Scale Fieldable Deposition Platform System Architecture
	Dynamic Build Bed for Additive Manufacturing
	Effect of Infrared Preheating on the Mechanical Properties of Large Format 3D Printed Parts
	Large-Scale Additive Manufacturing of Concrete Using a 6-Axis Robotic Arm for Autonomous Habitat Construction
	Overview of In-Situ Temperature Measurement for Metallic Additive Manufacturing: How and Then What
	In-Situ Local Part Qualification of SLM 304L Stainless Steel through Voxel Based Processing of SWIR Imaging Data
	New Support Structures for Reduced Overheating on Downfacing Regions of Direct Metal Printed Parts
	The Development Status of the National Project by Technology Research Assortiation for Future Additive Manufacturing (TRAFAM) in Japan
	Investigating Applicability of Surface Roughness Parameters in Describing the Metallic AM Process
	A Direct Metal Laser Melting System Using a Continuously Rotating Powder Bed
	Evaluation of a Feed-Forward Laser Control Approach for Improving Consistency in Selective Laser Sintering
	Electroforming Process to Additively Manufactured Microscale Structures
	In-Process UV-Curing of Pasty Ceramic Composite
	Development of a Circular 3S 3D Printing System to Efficiently Fabricate Alumina Ceramic Products
	Repair of High-Value Plastic Components Using Fused Deposition Modeling
	A Low-Cost Approach for Characterizing Melt Flow Properties of Filaments Used in Fused Filament Fabrication Additive Manufacturing
	Increasing the Interlayer Bond of Fused Filament Fabrication Samples with Solid Cross-Sections Using Z-Pinning
	Impact of Embedding Cavity Design on Thermal History between Layers in Polymer Material Extrusion Additive Manufacturing
	Development of Functionally Graded Material Capabilities in Large-Scale Extrusion Deposition Additive Manufacturing
	Using Non-Gravity Aligned Welding in Large Scale Additive Metals Manufacturing for Building Complex Parts
	Thermal Process Monitoring for Wire-Arc Additive Manufacturing Using IR Cameras
	A Comparative Study between 3-Axis and 5-Axis Additively Manufactured Samples and Their Ability to Resist Compressive Loading
	Using Parallel Computing Techniques to Algorithmically Generate Voronoi Support and Infill Structures for 3D Printed Objects
	Exploration of a Cable-Driven 3D Printer for Concrete Tower Structures

	Applications
	Topology Optimization for Anisotropic Thermomechanical Design in Additive Manufacturing
	Cellular and Topology Optimization of Beams under Bending: An Experimental Study
	An Experimental Study of Design Strategies for Stiffening Thin Plates under Compression
	Multi-Objective Topology Optimization of Additively Manufactured Heat Exchangers
	A Mold Insert Case Study on Topology Optimized Design for Additive Manufacturing
	Development, Production and Post-Processing of a Topology Optimized Aircraft Bracket
	Manufacturing Process and Parameters Development for Water-Atomized Zinc Powder for Selective Laser Melting Fabrication
	A Multi-Scale Computational Model to Predict the Performance of Cell Seeded Scaffolds with Triply Periodic Minimal Surface Geometries
	Multi-Material Soft Matter Robotic Fabrication: A Proof of Concept in Patient-Specific Neurosurgical Surrogates
	Optimization of the Additive Manufacturing Process for Geometrically Complex Vibro-Acoustic Metamaterials
	Effects of Particle Size Distribution on Surface Finish of Selective Laser Melting Parts
	An Automated Method for Geometrical Surface Characterization for Fatigue Analysis of Additive Manufactured Parts
	A Design Method to Exploit Synergies between Fiber-Reinforce Composites and Additive Manufactured Processes
	Preliminary Study on Hybrid Manufacturing of the Electronic-Mechanical Integrated Systems (EMIS) via the LCD Stereolithography Technology
	Large-Scale Thermoset Pick and Place Testing and Implementation
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Wet-Chemical Support Removal for Additive Manufactured Metal Parts
	Analysis of Powder Removal Methods for EBM Manufactured Ti-6Al-4V Parts
	Tensile Property Variation with Wall Thickness in Selective Laser Melted Parts
	Methodical Design of a 3D-Printable Orthosis for the Left Hand to Support Double Bass Perceptional Training
	Printed Materials and Their Effects on Quasi-Optical Millimeter Wave Guide Lens Systems
	Porosity Analysis and Pore Tracking of Metal AM Tensile Specimen by Micro-Ct
	Using Wax Filament Additive Manufacturing for Low-Volume Investment Casting
	Fatigue Performance of Additively Manufactured Stainless Steel 316L for Nuclear Applications
	Failure Detection of Fused Filament Fabrication via Deep Learning
	Surface Roughness Characterization in Laser Powder Bed Fusion Additive Manufacturing
	Compressive and Bending Performance of Selectively Laser Melted AlSi10Mg Structures
	Compressive Response of Strut-Reinforced Kagome with Polyurethane Reinforcement
	A Computational and Experimental Investigation into Mechanical Characterizations of Strut-Based Lattice Structures
	The Effect of Cell Size and Surface Roughness on the Compressive Properties of ABS Lattice Structures Fabricated by Fused Deposition Modeling
	Effective Elastic Properties of Additively Manufactured Metallic Lattice Structures: Unit-Cell Modeling
	Impact Energy Absorption Ability of Thermoplastic Polyurethane (TPU) Cellular Structures Fabricated via Powder Bed Fusion
	Permeability Analysis of Polymeric Porous Media Obtained by Material Extrusion Additive Manufacturing
	Effects of Unit Cell Size on the Mechanical Performance of Additive Manufactured Lattice Structures
	Mechanical Behavior of Additively-Manufactured Gyroid Lattice Structure under Different Heat Treatments
	Fast and Simple Printing of Graded Auxetic Structures
	Compressive Properties Optimization of a Bio-Inspired Lightweight Structure Fabricated via Selective Laser Melting
	In-Plane Pure Shear Deformation of Cellular Materials with Novel Grip Design
	Modelling for the Tensile Fracture Characteristic of Cellular Structures under Tensile Load with Size Effect
	Design, Modeling and Characterization of Triply Periodic Minimal Surface Heat Exchangers with Additive Manufacturing
	Investigating the Production of Gradient Index Optics by Modulating Two-Photon Polymerisation Fabrication Parameters
	Additive Manufactured Lightweight Vehicle Door Hinge with Hybrid Lattice Structure


	Attendee List
	Author Index



