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Abstract:

This work addresses a critical issue affecting the adoption of metal additive manufacturing (AM)
methodologies; creating a system that can produce a mechanical product to final geometric
specification. To date, almost all functional metal AM parts have required secondary processing
that in many cases can more than double the cost of the final part. A Direct Additive and
Subtractive Hybrid (DASH) manufacturing system using both additive and then subtractive
processing has been developed so that mechanical parts can be “digitally manufactured” to meet
the final required geometric accuracy. The approach includes the development of a software
system to link additive and subtractive manufacturing, using extensions to the AMF format, to
maintain product design features along with their tolerance specifications. It also introduces the
idea of sacrificial fixtures that are automatically designed into the parts to allow subsequent
fixturing in the CNC mill. Once in the milling machine, a part localization system identifies the
part and its location, along with capturing the geometry of any remaining AM support material left
on the part. Finally, all CNC code is automatically generated and the finishing process can be
executed in a lights-out operation. This work provides a drastic reduction in post processing time
and cost. It further enables expansion of metal AM and uniquely addresses the challenge of out-
of-envelope hybrid manufactured parts.

Introduction:

For many years, the emergence of additive manufacturing (AM) technologies was viewed as the
basis of the elusive push-button manufacturing process, and there was a renewed optimism with
the arrival of functionalized metal processes such as Electron Beam Melting (EBM) and Selective
Laser Melting (SLM). Unfortunately, the high precision specifications of today’s engineered
components have not yet been achieved with metal additive processes. In most cases for metal
parts, removal processes like machining (milling, grinding and polishing techniques) are inevitable
to attain functional part accuracy and surface finish. In fact, most users of metal AM will regularly
deploy some form of post process machining for at least a few critical features if not entire sections
of critical exterior geometry. This is analogous to the day-to-day operations of the metal casting
industry, and therefore, one could argue that it has been received with some undue acceptance.
However, the problem with using conventional machining methods for finishing AM parts is that
the economies of scale available in the metal casting industry can be used to justify the investment;
whereas in AM, we need the capability to effectively produce just one or a few parts as desired.
Unfortunately, there has been no plug-in method of integrating a part from an additive process into
a subtractive process directly without significant human intervention (fixturing and orientation set-
up). More importantly, process can require several days and in most cases, several weeks
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particularly in the case of sophisticated contours and high precision components (which are typical
of commercial aerospace and biomedical parts). For small batch production an efficient means of
meeting the geometric and surface finish requirements would decrease overall AM part costs and
increase competitiveness of AM processes.

Overview of Method:

This work presents a method of integrating AM and subtractive operations into a sequential hybrid
manufacturing process called Direct Additive and Subtractive Hybrid (DASH). The DASH system
for use in the manufacturing of metal products can combine any direct metal additive
manufacturing process with a 4-axis CNC milling system to produce high quality and high
precision metal parts with limited human intervention. The system is highly software driven, using
the AMF file format to represent and optimize the design for finishing by adding fixture elements
and machining allowance prior to AM fabrication. This work includes development of a new
software system, integration and enhancements of multiple existing technologies, optimization of
a sacrificial fixturing system, and assembly into a unified operational system (Figurel).

(a) Customer Model (b) AMF with Tolerances (¢) Orientation Planning (d) Allowances and
o Supports
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(i) Finished part (h) Automatic Toolpaths (g) Localization (f) Mount in CNC

e

Figurel: DASH Process Flow; (a) Customer model input, (b) AMF model creation with
critical features identified, (c) Machining setup orientation planning, (d), Addition of
machining allowance and sacrificial fixture supports, (e) Metal AM processing, (f) clamping
in CNC mill, (g) scanning and part localization, (h) automated toolpath generation, (i)
finished part after support removal

Figure 1 shows a specific example part that underwent these steps and demonstrates the current
capabilities of the DASH process. To start, the customer model (Figurela) is used to generate an
AMF file which is marked up digitally to identify critical part surfaces (Figurelb) in a custom
program called AMFCreator (Srinivasan et al., 2015). This step is where the user is choosing
surfaces that will require post processing, and providing data about the surface type and tolerance.
Next, we take a forward-looking step and determine how the part will need to be machined, using
that information to drive a CNC setup orientation (Figure 1c). The AMFCreator software then
adds machining allowance to critical surfaces, along with sacrificial fixture elements that will
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secure the part during machining (Figure 1d). Finally, we reach the typical starting point in metal
AM, where we have an STL file ready to process and print (Figure 1e). Upon removal from the
build plate and AM support removal, the part is clamped in a CNC machine using the sacrificial
fixture supports (Figure 1f) (Boonsuk and Frank, 2009). Next, the part is scanned (using laser or
other) and the part orientation and stock conditions are captured (Figure 1g). In CAM, using CNC-
RP (Frank et al., 2004), the part has automated toolpaths generated and executed (Figure 1h), and
the machined metal AM part is delivered (Figure 1i). The following sections provide a brief review
of each major step in the DASH process.

Critical feature identification:

As a part of the DASH process, one must first identify the critical features that are slated for post
process machining. As such, a software package called AMFCreator’ was developed to allow an
operator to create and manipulate AMF Files that designate as-printed versus as-machined
features. The software is used across numerous steps such as; 1) importing and exporting to and
from STL and PLY files, 2) Selecting surfaces and associating them with features, 3) adding
tolerance information to features, 4) Adding machining allowances, 4) computing feature
parameters and finally 6) creating sacrificial support geometry for the final machining process.

AMFCreator was written in C++ with the QT (“Qt - Home,” n.d.) widget toolkit and the VTK
(“VTK - The Visualization Toolkit,” n.d.) visualization system. XML /O was performed with the
TinyXML2 library (“TinyXML-2,” n.d.). The Ul consists of two sections, as seen in Figure 2. To
the left is a window in which the AMF model is displayed. Models displayed in this window can

Selected surface (triangles) List of Features Feature Control Metadata

o / -
e
SR

Main display window Selection Control Feature id and class Tolerances

Figure 2: AMFCreator software interface
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be scrolled and panned
similar to any CAD
package. The window is EndMil
also used to demarcate |

. .- Axis of Rotation Round
surfaces for association /
with a feature, and as a J
means for selecting -
volumes and surfaces.
To the right of the
display window is a list
that displays either the (a) )

set of featur‘_as or the set Figure 3: CNC-RP Process, (a) Rotary fixture setup; (b) Process sequence of
of volumes in the AMF steps (1- 6) to produce a steel component
file. In this step of the

process, the user navigates across the surface of the part selecting and painting features, along with
tolerance and other feature parameters. The output of this is an AMF model that is interpreted by
the machining process planning software, CNC-RP, which is described next.
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Machining Approach:

An existing enabling technology for rapid machining, CNC-RP, was originally conceived at Penn
State and further developed at lowa State University (Frank et al, 2004, 2006; Petrzelka and Frank
2010). It is a fully automated Subtractive Rapid Prototyping process that uses a 3-axis vertical
milling machine with a 4th axis indexer for multiple setup orientations. In this system, round stock
material is fixed between two opposing chucks and rotated between operations using the indexer,
and visibility analysis of cross sectional slice data provides a basis for automated setup planning
about a single axis. This implementation uses a modified Greedy set cover algorithm to determine
orientations. For each orientation, all visible surfaces are machined using simple toolpath planning
while leaving a structure of “sacrificial supports” that are used to fixture the part (keeping the part
attached to the remainder of the stock). The number of rotations required to machine a model is
dependent upon its geometric complexity. Once all of the operations are complete, the supports
are severed in a final series of operations, and the part is removed. Figure 3 illustrates the process
steps for creating a typical complex part using this method. The following sections will overview
a few critical steps within CNC-RP process planning, for orientation, setup, and sacrificial fixture
planning. As shown, CNC-RP is a plug-in for MasterCAM software, using tool library and
toolpath generation methods from the commercial software, while automating decisions and
planning normally done by the NC code programmer.

Orientation and Setup Planning:

The “Axis Analysis” interface in CNC-RP is made up of nine images as shown in Figure 4, where
each image denotes an orientation and the scores for this orientation given. As shown, images # 1,
2, 3 always present the three principle orientations, while images # 4, 5, 6 pick the best option
according to a sole criterion, namely, the best orientations for visibility, stock diameter and support
rigidity. Image #7 presents the software-suggested orientation based on a multi-criteria search,
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while image #8 presents the
orientation that the user chose
in the search space. Lastly,
image #9 presents a rotatable
orientation that the user can

customize. The colored
progress bar indicates the
visibility, where the color

indicates the type of the
surfaces in question (flats,
holes, or freeform).

Once an orientation for the
rotary axis is chosen, the
software aids in creating
sacrificial supports that keep
the part fixed to parent round
stock. The user selects 1) a
material type, and 2) a
maximum allowable
deflection (related to overall
part tolerances). CNC-RP
then automatically identifies
the diameter, number and
location of supports based on
beam  theory and an
optimization routine.  The

interface shown in Figure 5 allows
the user to examine sacrificial
support placement based on the
orientation they chose and to
modify the positions and sizes of

the supports. There is

approximately 2X factor of safety,
allowing the user to as-much-as
delete one of the supports entirely.

Allowances and Fixturing:

Up to this point along the work
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Figure 4: Axis analysis interface

| CNC-RP: Manual Support Placerment
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orientation has been chosen and
support geometry is identified. Any changes to part orientation is captured in . XML data that is
passed back to AMFCreator. Next, AMFCreator must add additional fixture clamping elements,
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along with machining
allowance (padding
material) on the feature
surfaces that will be
machined. In addition,
sacrificial supports
defined in CNC-RP as
cylinders are converted
to prismatic (square
section) and oriented to
minimize AM supports (based on
build orientation).  Finally, the
part’s STL model is prepared for
metal printing. As shown in
Figure 6, the customer’s initial
model in arbitrary orientation is
now appended with fixture and
support elements that are ready for

printing. AMFCreator will
eventually contain a library of
fixture  clamping interfaces

depending on CNC machine setup;
in this case, a simple 3 jaw chuck
clamp-able set of triangles. An
example part build from an EBM
is shown in Figure7.

Scanning and
Localization:
Each part, like

those shown in Figure 7,
will be clamped between
opposing jaw chucks of
the milling machine. Of
course, a combination of
metal printing variability,
warping, handling,
placement and clamping
errors have placed the part
in an orientation that does
not precisely coincide

Figure 6: Part model in AMFCreator, with sacrificial supports, fixture
clamping elements, and machining allowance on critical surfaces

=

Figure 7: Part, AM supports, and Sacrificial supports to fixture
clamping elements after powder bed metal printing
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T

Figure 8: Laser scanning interface for DASH
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with the part model in the CAM
software. We now desire the
answer to two questions; 1) where is
the part geometry located? and 2)

Angle Selection

Surfaces

= [W]surfaces
- [m]Colored-Surfaces

¢ & {m]critical

i Esfred
'

Enter Preferred Angles

how much material represents the
“stock surfaces” after printing, now
for machining? With respect to the 5__ME$L“;.
second question, after printing we
might anticipate some AM supports
have been removal, but not all;
therefore scanning yields the as-
printed stock conditions. One
would actually anticipate that a
DASH-processed part would not
technically require any AM support
removal per se; but it would reduce
machining time if AM supports can
nominally be broken away before s
machining. The method chosen to
find the part location and model its
stock condition is laser scanning. Figure 8 presents the scanning software interface for DASH. In
this process, the point cloud data from scanning is used to do two things. First, we identify a set
of critical surfaces on the part, and calculate the transformation matrix that would align this as-
fixtured part orientation to the CAD model’s location in the CAM (MasterCAM) environment.
As such, the part is translated and rotated in CAM, using the CNC-RP software plug-in. In
addition, a slightly oversized STL mesh of the entire part, support, etc. geometry is passed to CNC-
RP, where MasterCAM can utilize it as a stock model. In the following step, CNC-RP will have
all information necessary to generate NC code for critical surfaces.

Surface Type: Critical | Current Color: Red | Current Instance: 0

Finishing

Angle Visi (%, ToolLe.,
270.00 100.00 0.91
[Jeo.00 100.00 0.91
oo 168 1.50

< >

All Surfaces

(@) selected Surface
() Criginal Mode!

Re-analyze Reset All

cand

Figure 9: CNC-RP toolpath planning interface

Toolpath Generation:

The details of all surface-based automated toolpath
planning is neglected here for lack of space. In brief, each
critical part surface previously identified in the AMF
model is used to create a set of feature-specific toolpaths.
As shown in Figure 9, a flat surface (red) on a part has
been identified and machining angles are chosen
automatically (Frank et al., 2006). The subsequent steps
choose tools, machining strategy, cut parameters, and
automatically define containment boundaries.

Figure 10: Roughing toolpath calculation
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Once all critical surfaces
are identified, CNC-RP
additionally calculates
toolpaths  for  rouging
operations that remove all
remaining AM supports
first (Figure 10), before
launching into feature-
specific toolpaths.  Total
process planning time for
NC code generation is
measured in minutes.

Implementation:

Figure 11: DASH processed part immediately after machining

The DASH process has

been executed on sample

linkage components using both steel
and titanium alloys. The titanium
alloy was printed using an Arcam
EBM while the steel parts were
made on an EOS DMLS system.
Critical features were originally
overgrown 2mm for the first builds
in steel and titanium, and then a
second set of trials in titanium used
a smaller allowance of 1.25mm with
no negative effects. Figure 11
shows the part in the milling
machine while Figure 12a shows
the progression of the part, from as
printed in the EBM, to as-fixtured
and machined in a HAAS VF2ss, to
final part upon sacrificial support
removal. In addition, CMM
measurement data (Figure 12b)
shows dimensional accuracy well
within 0.1mm (0.002”). These and
numerous other trials have shown
the effectiveness of the DASH
process at integrating Additive and
Subtractive  Manufacturing and
providing high-quality finished
metal components.
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Figure 12: Titanium part sample; (a) progression across the
process, and (b) CMM analysis data on nominal dimensions
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Conclusions:

The proposed DASH process is focused on integrating additive manufacturing (AM) with a
subtractive manufacturing (SM) process for the production of precision metal components. The
concept for finishing metal additive manufacturing (AM) parts using a traditional subtractive
manufacturing process appears to work well for test components to date and is providing high
quality parts at remarkable levels of automated process planning. However, the process is not a
simple “turnkey system” and requires human intervention across the stages. It does not, however,
require days or weeks from a machine shop nor does it take the level of skill of a typical CNC
programmer. In closure, DASH shows promise for significant reductions in both cycle time and
skill required to get a functional, post-processed part from metal additive manufacturing.

Reference:

Boonsuk, W. and Frank, M.C., “Automated fixturing for a rapid machining system”, Rapid
Prototyping Journal Vol. 15, No. 2, pp. 111-125, 2009

Frank, M.C., Wysk, R.A., and Joshi, S.B., “Rapid Planning for CNC Machining — A New
Approach to Rapid Prototyping”, Journal of Manufacturing Systems, SME, Volume 23, No. 3, pp.
242-255, 2004

Frank, M.C., Wysk, R.A., and Joshi, S.B., “Determining Setup Orientations from the Visibility of
Slice Geometry for Rapid CNC Machining”, Journal of Manufacturing Science and Engineering,
Transactions of the ASME, Vol. 128,

No. 1, pp. 228-238, 2006

Petrzelka, J.E., Frank, M.C., “Advanced Process Planning for Subtractive Rapid Prototyping”,
Rapid Prototyping Journal, VVol. 16, No. 3, pp. 216-224, 2010

Srinivasan, H., Harrysson, O. L. A., & Wysk, R. A. (2015). Features and tolerances in additive
manufacturing - An extension to the AMF file format. In American Society for Precision
Engineering, ASPE.

1861



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



