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Abstract 
 
The mechanical strength of extrusion-based printed parts is often greatly reduced (25-50%) in 

the build direction (z-direction) compared to the in-plane strength due to poor bonding between 
successively deposited layers.  This effect can be magnified (75-90% difference) when depositing 
fiber-reinforced materials or larger print areas with long layer times. Therefore, a patent-pending 
approach has been developed that deposits material into intentionally aligned voids in the z-
direction, allowing continuous material to span multiple layers.  The “z-pinning” approach can be 
applied to several concepts for improving the interlaminar strength of extrusion-based 3D printed 
parts as well as techniques for applying the technology across a broad spectrum of deposition 
platforms and material systems.  Initial experimental results demonstrate a significant 
improvement (>3x) in mechanical strength and (>8x) toughness for fiber reinforced components. 

 
Background 

 
Extrusion-based printing technologies have dominated the 3D printing market over the last 

several years (with over half a million systems sold worldwide) [1], as the low cost of desktop 
fused filament fabrication (FFF) systems has greatly expanded the accessibility of personal 3D 
printing.  Although FFF systems offer geometric flexibility, ease of use, and increasingly more 
diverse feedstock materials, their use in engineering applications is typically limited due to poor 
mechanical properties.  The strength of FFF components is generally much less (25-50%) than the 
cited injection molded reference for a given material, and the properties of a printed part can vary 
considerably based on the print orientation.  These reductions are largely due to the meso-structure 
created by the FFF process, which deposits aligned beads (or roads) in the x- and y-directions (i.e. 
the build plane) and stacks layers in the z-direction (i.e. the build direction).  This process typically 
results in strands of continuous material extending throughout a given layer in the build plane, but 
only has discontinuous points of contact between successive layers in the build direction. 

 
Such a directionally-biased structure gives rise to significant mechanical anisotropy in 3D 

printed parts.  Shaffer et al [2] tested the effect of build orientation on the tensile strength for 3D 
printed parts made from unreinforced polylactic acid (PLA) and acrylonitrile butadiene styrene 
(ABS).  For each material, the tensile load was applied either parallel to the continuously deposited 
material in a given layer (x-direction) or perpendicular to the successive build layers (z-direction).  
It was found that the z-direction strength was 45% lower than the x-direction strength for PLA, 
and over 85% lower for ABS.  Torrado-Perez et al [3] found that ABS samples printed on a 
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MakerBot demonstrated a 50% reduction in strength in the z-direction compared to the x-y plane. 
A reduction in z-strength is also apparent as scale increases, as evident in a study by Duty et al [4] 
where Big Area Additive Manufacturing (BAAM) samples demonstrated an 80-90% reduction in 
mechanical strength in the z-direction compared to the x-direction.  The BAAM samples compared 
in that study were fiber reinforced ABS with either glass or carbon fibers.  Fiber reinforced 
materials are likely to have an increased degree of anisotropy when 3D printed using an extrusion-
based technique due to shear-alignment of the discontinuous fibers in the flow direction.  Tekinalp 
et al reported fiber alignment measurements for 3D printed carbon fiber reinforced ABS, showing 
that the fibers nearly perfectly align in the direction of deposition (the x-direction).  Therefore, in 
order to achieve 3D printed components using fiber reinforced materials with reduced anisotropy, 
a new approach is needed. 

 
Z-Pinning Approach 

 
The authors of this paper introduced a patent-pending [5] 3D printing approach for extrusion-

based systems at the 2017 Solid Freeform Fabrication Symposium called “z-pinning” [6].  The z-
pinning approach allows for semi-continuous deposition of material along the z-direction (i.e. 
across layers) by holding the extrusion nozzle stationary over intentional voids in the x-y plane 
that are aligned to span multiple layers.  As material exits the extrusion nozzle, it fills the void that 
extends a given number of layers into the part (see Figure 1).  A pattern of voids extends across 
the part which are filled in a staggered pattern in order to offset the interface between neighboring 
pins.  In Figure 1, the separate pins are represented by different colors to emphasize that each of 
the pins is deposited in separate operations after a given number of conventional layers are 
deposited.  The classification convention for describing pins extending “P” layers deep that are 
deposited every “R” layers is “P-R” pins.  For instance, since the pins in Figure 1 extend 4 layers 
deep and alternating sets of pins are deposited every 2 layers, the pins in Figure 1 would be 
described as “4-2 pins”.   
 

 
Figure 1. Z-Pinning approach for depositing continuous material across successive layers. 
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The pins are typically deposited into a rectilinear grid on the x-y plane, where continuous beads 
within a given layer alternate between the x- and y-directions, leaving gaps between neighboring 
beads to result in a relatively low volumetric infill (30-55%).  The extruded volume of the 
individual pins is considered to be a percentage of the theoretically prismatic void space.  In the 
case where the extruded volume exceeds 100% of the theoretical volume, the “overfill” material 
of the pin typically extends into the space between successive layers which results in a fair degree 
of mechanical interlocking between the pin and surrounding structure.  In order to avoid 
interference with overfilled material from neighboring pins, the pins are typically arranged in an 
“A-B” configuration as shown in Figure 2.   

         

    
Figure 2. Pin spacing configuration for filling rectilinear grid (top view, x-y plane). 

 
The dimensions of the pin, hole, and relative pin volume can have a significant impact on the 

overall mechanical properties of the printed part.  An initial parametric study of printing 
parameters shows that an 80% pin volume is the practical maximum to avoid overflow and printing 
problems [7], but it was anticipated that additional overflow would aide with mechanical 
interlocking of the pin with the surrounding structure.  The initial experiments that applied z-pins 
to printed PLA samples [6] used an 80% pin volume on a 35% rectilinear grid pattern and showed 
a 20% increase in strength and a 100% increase in toughness compared to a sample without pins.  
The current study extends that concept to carbon fiber reinforced PLA and varies the pin volume 
amount. 

 
Experimental Procedure 

 
In order to evaluate the z-strength of x-pinned components, tensile specimens were printed 

on a MakerGear M2 using carbon fiber reinforced PLA (CF-PLA) from 3DXTech (CarbonX 
CFR HT-PLA).  The material was deposited at 240°C using customized g-code to generate the 
rectilinear infill grid pattern described above.  A volumetric infill of 35% was used for all of the 
pinned samples.  Pins were designed to penetrate 8 layers deep and alternating pins were 
deposited every 4 layers (8-4 pins) using the A-B configuration shown in Figure 2. The pin 
volume extruded was 80%, 120%, and 160% of the theoretical prismatic void.  Control samples 
without z-pins were also printed with volumetric infills of 35% and 55%.  The 55% control 
sample was intended to be an “equivalent weight” sample, representing the same amount of 
material as the 35% infill sample with 80% volume z-pins. Four replicate samples were printed 
using each of the parameters listed above. 
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The tensile samples were directly printed to the dimensions shown in Figure 3. The tensile 
samples were tested using a MTS Series 40 Electromechanical Universal Test System with a 100 
kN load cell at a strain rate of 5 mm/min.  Engineering stress was calculated based on the 
nominal apparent cross section of 25 mm x 9 mm and strain measurements were taken from the 
machine crosshead displacement.  A discontinuity in the print code was observed in the 
transition sections between the gauge length and the grip sections (Figure 4), likely causing 
several of the samples to break in this region.  Future studies will address this issue by printing 
prismatic rectangular blocks from which the tensile specimens will be machined.   
  

 
Figure 3. Tensile sample dimensions (mm).  Samples were 9 mm thick.   

Note: z-direction is horizontal as shown here. 
 

 

 
  

Figure 4. Printed sample showing discontinuities in the print pattern near the transition region. 
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Experimental Results & Discussion 
 
Figure 5 shows representative tensile test results for a z-pinned sample compared to a non-

pinned sample with a higher infill percentage.  The z-pinned sample shows a significant increase 
in strength in the z-direction and almost an order of magnitude increase in toughness.  The z-
pinned sample used a standard 35% infill and a relatively high pin volume (160% of theoretical).  
This result illustrates the potential of the z-pinning approach to dramatically improve the z-
strength of 3D printed parts, especially when using fiber reinforced materials.  A more detailed 
understanding of the impact of pin volume and relative material usage follows from analysis of 
the remaining data. 

 

 
Figure 5. Representative tensile test result comparing strength and toughness of pinned vs non-

pinned samples. 
 
 
The ultimate tensile strength for all of the samples investigated is shown in Figure 6.  The error 

bars represent one standard deviation for a sample set of four (n=4) for each condition.  A 
statistically significant increase in z-strength can be observed between each of the print conditions 
evaluated.  An ~80% increase in strength is achieved simply by increasing the infill percentage 
from 35% (2.8 MPa) to 55% (5.1 MPa) for the two control samples without z-pins.  This increase 
in strength can be attributed to the increased contact area between successive layers due to the 
reduced void size.   
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Figure 6. Ultimate tensile strength of pinned CF-PLA samples using various fill volumes. 
 
The strength of all of the z-pinned samples were signifcantly higher than the control samples 

without pins, with a noticeable increase in strength observed each time the pin volume increased.  
Specifically, the 80% volume pinned sample showed twice the increase in strength (7.2 MPa) from 
the 35% infill control compared to the 55% infill. The average weight for the printed samples are 
shown in Table 1.  Although the 55% infill was intended to be an “equivalent weight” comparison 
to the 35% infill with 80% volume pins, Table 1 indicates that the pinned sample was slightly 
heavier (~7%).  However, given that the strength of the 80% pinned sample was ~50% higher than 
the “equivalent weight” control, this indicates that the use of z-pins has more of an impact on the 
z-strength of the part than the overall increased contact area achieved by additional rectilinear 
infill. 

 
Table 1. Average weight and UTS for each condition. 

 
 
It can also be noted that the strength of the part increases considerably as the volume of the 

pin increases. This behavior is to be expected since the overfill expands into the surrounding 
structure and increases mechanical interlocking, making the z-pins more effective.  However, the 
data in Table 1 indicates that on a per-mass basis, the 120% volume pins provided more strength 
than the additional volume of the 160% pins. 

 
The area under the stress-strain curve was calculated for each condition to obtain the 

material’s toughness.  Figure 7 shows that the use of z-pins to span layers significantly increases 
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the material toughness, providing over an order of magnitude increase when comparing the 
160% volume pins (806 kJ/m3) to the 35% infill without pins (37 kJ/m3). As seen in the previous 
study [6], the fracture surface of the pinned samples was much more tortuous than the relatively 
planar fracture surface of the non-pinned samples.  The effect of the pins to deflect the crack 
pathway effectively consumes energy, increases the apparent ductility, and adds to the toughness 
of the material.  As with the strength results, increasing the pin volume has a significant impact 
on toughness.  However, comparing the 120% pin volume sample to the 160% pin volume 
sample shows that adding 15% more mass to the sample increases the toughness by 43%.  This 
indicate that the optimal pin geometry, void geometry, and pin volume combination that 
maximizes toughness may not be the same as the combination for optimal strength. 

 

 
Figure 7. Toughness of pinned CF-PLA samples using various fill volumes. 

 
 

Conclusions & Future Work 
 
The z-pinning approach has been demonstrated for fiber reinforced materials.  The initially 

modest improvements (~20%) in ultimate tensile strength realized a year ago with unreinforced 
PLA have shown dramatic improvements (>300%) when a similar approach was applied to fiber 
reinforced materials.  The amount of the pin material extruded into the void was found to be a 
critical factor affecting both strength and toughness. Additional studies are needed to optimize the 
geometry of the pin/void pairs as well as their relative spacing throughout the part to maximize 
material performance.  In order to validate this approach for reducing anisotropy in a printed part, 
appropriate control samples in the print direction (x-direction) are also needed for comparison. 

 
 

Acknowledgements 
 
A portion of the research was sponsored by the U.S. Department of Energy, Office of Energy 

Efficiency and Renewable Energy, Advanced Manufacturing Office, under contract DE-AC05-
00OR22725 with UT-Battelle, LLC. 

 
 
 

2411



References 
 

[1] Wohlers Associates. (2018) "Wohlers Report 2018: 3d Printing and Additive 
Manufacturing State of the Industry."  

[2] Shaffer, S., K. Yang, J. Vargas, M. Di-Prima, and W. Voit. (2014) "On Reducing 
Anisotropy in 3d Printed Polymers Via Ionizing Radiation". Polymer  55  pp. 5969-5979. 

[3] Torrado-Perez, A., D. Roberson, and R. Wicker. (2014) "Fracture Surface Analysis of 3d-
Printed Tensile Specimens of Novel Abs-Based Materials". Journal of Failure Analysis 
and Prevention  14  pp. 343-353. 

[4] Duty, C.E., V. Kunc, B. Compton, B. Post, D. Erdman, R. Smith, R. Lind, P. Lloyd, and 
L. Love. (2017) "Structure and Mechanical Behavior of Big Area Additive Manufacturing 
(Baam) Materials". Rapid Prototyping Journal  23 (1). 

[5] Duty, C., J. Failla, V. Kunc, J. Lindahl, B. Post, L. Love, and S. Kim (2018) "Z Layer 
Improvement Using Liquid Nails Method." U.P. Application 15/965,106 filed April 27, 
2018. 

[6] Duty, C., J. Failla, S. Kim, J. Lindahl, B. Post, L. Love, and V. Kunc. (2017) "Reducing 
Mechanical Anisotropy in Extrusion-Based Printed Parts" Solid Freeform Fabrication 
Symposium. Austin, TX. August 2017 

[7] Kim, S., T. Smith, J. Failla, J. Lindahl, V. Kunc, and C. Duty. (2018) "Parametric Analysis 
on Vertical Pins for Strengthening Extrusion-Based Printed Parts" SAMPE 2018. Long 
Beach, CA. May 21-24, 2018 

 

2412


	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts
	Using Additive Manufacturing as a Pathway to Change the Qualification Paradigm
	Technology Integration into Existing Companies
	Lattice Design Optimization: Crowdsourcing Ideas in the Classroom
	Education of Additive Manufacturing – An Attempt to Inspire Research
	Printing Orientation and How Implicit It Is
	Method for a Software-Based Design Check of Additively Manufactured Components
	The Recycling of E-Waste ABS Plastics by Melt Extrusion and 3D Printing Using Solar Powered Devices as a Transformative Tool for Humanitarian Aid

	Binder Jetting
	Evaluating the Surface Finish of A356-T6 Cast Parts from Additively Manufactured Sand Molds
	Economies of Complexity of 3D Printed Sand Molds for Casting
	Mitigating Distortion During Sintering of Binder Jet Printed Ceramics
	Binder Jetting of High Temperature and Thermally Conductive (Aluminum Nitride) Ceramic
	Binder Jetting Additive Manufacturing of Water-Atomized Iron

	Data Analytics in AM
	Effects of Thermal Camera Resolution on Feature Extraction in Selective Laser Melting
	Artificial Intelligence-Enhanced Multi-Material Form Measurement for Additive Materials
	Machine Learning for Modeling of Printing Speed in Continuous Projection Stereolithography
	Curvature-Based Segmentation of Powder Bed Point Clouds for In-Process Monitoring
	Nondestructive Micro-CT Inspection of Additive Parts: How to Beat the Bottlenecks
	Non-Destructive Characterization of Additively Manufactured Components Using X-Ray Micro-Computed Tomography
	Precision Enhancement of 3D Printing via In Situ Metrology
	Layer-Wise Profile Monitoring of Laser-Based Additive Manufacturing
	Correlative Beam Path and Pore Defect Space Analysis for Modulated Powder Bed Laser Fusion Process

	Hybrid AM
	Characterization of High-Deposition Polymer Extrusion in Hybrid Manufacturing
	Mechanical Properties Evaluation of Ti-6Al-4V Thin-Wall Structure Produced by a Hybrid Manufacturing Process
	Development of Pre-Repair Machining Strategies for Laser-Aided Metallic Component Remanufacturing
	Viscosity Control of Pseudoplastic Polymer Mixtures for Applications in Additive Manufacturing
	Curing Behavior of Thermosets for the Use in a Combined Selective Laser Sintering Process of Polymers
	Effect of Porosity on Electrical Insulation and Heat Dissipation of Fused Deposition Modeling Parts Containing Embedded Wire
	A New Digitally Driven Process for the Fabrication of Integrated Flex-Rigid Electronics
	Hybrid Manufacturing with FDM Technology for Enabling Power Electronics Component Fabrication
	Digitally-Driven Micro Surface Patterning by Hybrid Manufacturing
	Potentials and Challenges of Multi-Material Processing by Laser-Based Powder Bed Fusion
	A Digitally Driven Hybrid Manufacturing Process for the Flexible Production of Engineering Ceramic Components
	Stereolithography-Based Manufacturing of Molds for Directionally Solidified Castings
	Examination of the Connection between Selective Laser-Melted Components Made of 316L Steel Powder on Conventionally Fabricated Base Bodies
	Characterization and Analysis of Geometric Features for the Wire-Arc Additive Process

	Applications
	Geometry/Surface Finish
	Effect of Inter-Layer Cooling Time on Distortion and Mechanical Properties in Metal Additive Manufacturing
	Effect of Shield Gas on Surface Finish of Laser Powder Bed Produced Parts
	Material Characterization for Lightweight Thin Wall Structures Using Laser Powder Bed Fusion Additive Manufacturing
	Metal Additive Manufacturing in the Oil and Gas Industry
	Development of a Customized CPAP Mask Using Reverse Engineering and Additive Manufacturing

	Specific Parts
	Multimaterial Aerosol Jet Printing of Passive Circuit Elements
	Additive Manufacturing of Liners for Shaped Charges
	An Aerospace Integrated Component Application Based on Selective Laser Melting: Design, Fabrication and Fe Simulation
	Additive Manufacturing of Metal Bandpass Filters for Future Radar Receivers
	Fast Prediction of Thermal History in Large-Scale Parts Fabricated via a Laser Metal Deposition Process
	Design Guidelines for a Software-Supported Adaptation of Additively Manufactured Components with Regard to a Robust Production

	Large Scale Parts
	Increasing Interlaminar Strength in Large Scale Additive Manufacturing
	Using Post-Tensioning in Large Scale Additive Parts for Load Bearing Structures
	Precast Concrete Molds Fabricated with Big Area Additive Manufacturing
	3D Printed Fastener-Free Connections for Non-Structural and Structural Applications – An Exploratory Investigation
	Correlations of Interlayer Time with Distortion of Large Ti-6Al-4V Components in Laser Metal Deposition with Wire
	Model Development for Residual Stress Consideration in Design for Laser Metal 3D Printing of Maraging Steel 300
	Topology Optimisation of Additively Manufactured Lattice Beams for Three-Point Bending Test

	Residual Stress
	Morphable Components Topology Optimization for Additive Manufacturing
	Next-Generation Fibre-Reinforced Lightweight Structures for Additive Manufacturing

	Topology Optimization
	Topology Optimized Heat Transfer Using the Example of an Electronic Housing
	Microstructural and Mechanical Characterization of Ti6Al4V Cellular Struts Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing
	Effect of Wall Thickness and Build Quality on the Compressive Properties of 304L Thin-Walled Structure Fabricated by SLM
	Mechanical Behavior of Additively Manufactured 17-4 Ph Stainless Steel Schoen Gyroid Lattice Structure

	Lattices and Cellular
	An Investigation of the Fatigue Strength of Multiple Cellular Structures Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing Process
	On the Mechanical Behavior of Additively Manufactured Asymmetric Honeycombs
	Fabrication of Support-Less Engineered Lattice Structures via Jetting of Molten Aluminum Droplets
	Finite Element Modeling of Metal Lattice Using Commercial Fea Platforms
	A CAD-Based Workflow and Mechanical Characterization for Additive Manufacturing of Tailored Lattice Structures
	A Comparison of Modeling Methods for Predicting the Elastic-Plastic Response of Additively Manufactured Honeycomb Structures
	Numerical and Experimental Study of the Effect of Artificial Porosity in a Lattice Structure Manufactured by Laser Based Powder Bed Fusion
	Size and Topology Effects on Fracture Behavior of Cellular Structures
	Rheological, In Situ Printability and Cell Viability Analysis of Hydrogels for Muscle Tissue Regeneration
	Development of a Thermoplastic Biocomposite for 3D Printing
	Design Rules for Additively Manufactured Wrist Splints Created Using Design of Experiment Methods


	Biomedical Applications
	Design and Additive Manufacturing of a Patient Specific Polymer Thumb Splint Concept
	Mandibular Repositioning Appliance following Resection Crossing the Midline- A3D Printed Guide
	A Sustainable Additive Approach for the Achievement of Tunable Porosity
	Effects of Electric Field on Selective Laser Sintering of Yttria-Stabilized Zirconia Ceramic Powder
	Fabrication of Ceramic Parts Using a Digital Light Projection System and Tape Casting
	Slurry-Based Laser Sintering of Alumina Ceramics
	Material Properties of Ceramic Slurries for Applications in Additive Manufacturing Using Stereolithography

	Materials
	Ceramics
	Additive Manufacturing of Alumina Components by Extrusion of In-Situ UV-Cured Pastes
	Mechanical Challenges of 3D Printing Ceramics Using Digital Light Processing
	Effect of Laser Additive Manufacturing on Microstructure Evolution of Inoculated Zr₄₅ꓸ₁Cu₄₅ꓸ₅Al5Co₂ Bulk Metallic Glass Matrix Composites
	Fiber-Fed Printing of Free-Form Free-Standing Glass Structures
	Additive Manufacturing of Energetic Materials
	Methods of Depositing Anti-Reflective Coatings for Additively Manufactured Optics
	A Review on the Additive Manufacturing of Fiber Reinforced Polymer Matrix Composites

	Non-Traditional Non-Metals
	Design and Robotic Fabrication of 3D Printed Moulds for Composites
	Mechanical Property Correlation and Laser Parameter Development for the Selective Laser Sintering of Carbon Fiber Reinforced Polyetheretherketone
	4D Printing Method Based on the Composites with Embedded Continuous Fibers
	Fabricating Functionally Graded Materials by Ceramic On-Demand Extrusion with Dynamic Mixing

	Composites
	The Effect of Shear-Induced Fiber Alignment on Viscosity for 3D Printing of Reinforced Polymers
	Processing Short Fiber Reinforced Polymers in the Fused Deposition Modeling Process
	Impact Testing of 3D Printed Kevlar-Reinforced Onyx Material
	Deposition Controlled Magnetic Alignment in Iron-PLA Composites
	Effects of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	General Rules for Pre-Process Planning in Powder Bed Fusion System – A Review
	Development of an Engineering Diagram for Additively Manufactured Austenitic Stainless Steel Alloys
	Fatigue Life Prediction of Additively Manufactured Metallic Materials Using a Fracture Mechanics Approach
	Characterizing Interfacial Bonds in Hybrid Metal Am Structures

	Direct Write
	The Mechanical Behavior of AISI H13 Hot-Work Tool Steel Processed by Selective Laser Melting under Tensile Stress

	Broad Issues
	Additive Manufacturing of Metal Functionally Graded Materials: A Review
	Understanding Adopting Selective Laser Melting of Metallic Materials
	The Effect of Processing Parameter on Zirconium Modified Al-Cu-Mg Alloys Fabricated by Selective Laser Melting
	Selective Laser Melting of Al6061 Alloy: Processing, Microstructure, and Mechanical Properties
	Small-Scale Characterization of Additively Manufactured Aluminum Alloys through Depth-Sensing Indentation
	Effects of Process Parameters and Heat Treatment on the Microstructure and Mechanical Properties of Selective Laser Melted Inconel 718
	Effects of Design Parameters on Thermal History and Mechanical Behavior of Additively Manufactured 17-4 PH Stainless Steel

	Aluminum
	The Effects of Powder Recycling on the Mechanical Properties of Additively Manufactured 17-4 PH Stainless Steel
	Mechanical Properties of 17-4 Ph Stainless Steel Additively Manufactured Under Ar and N₂ Shielding Gas
	Recyclability of 304L Stainless Steel in the Selective Laser Melting Process
	The Influence of Build Parameters on the Compressive Properties of Selective Laser Melted 304L Stainless Steel

	Nickel
	Characterization of Impact Toughness of 304L Stainless Steel Fabricated through Laser Powder Bed Fusion Process

	17-4PH Stainless Steel
	Incorporation of Automated Ball Indentation Methodology for Studying Powder Bed Fabricated 304L Stainless Steel
	Effect of Powder Degradation on the Fatigue Behavior of Additively Manufactured As-Built Ti-6Al-4V
	Volume Effects on the Fatigue Behavior of Additively Manufactured Ti-6Al-4V Parts

	304 Stainless Steel
	Effects of Layer Orientation on the Multiaxial Fatigue Behavior of Additively Manufactured Ti-6Al-4V
	Ambient-Temperature Indentation Creep of an Additively Manufactured Ti-6Al-4V Alloy
	Individual and Coupled Contributions of Laser Power and Scanning Speed towards Process-Induced Porosity in Selective Laser Melting
	A Comparison of Stress Corrosion Cracking Susceptibility in Additively-Manufactured and Wrought Materials for
Aerospace and Biomedical Applications

	316L Stainless Steel
	Effect of Energy Density on the Consolidation Mechanism and Microstructural Evolution of Laser Cladded Functionally-Graded Composite Ti-Al System

	Titanium
	Mechanical Properties of Zr-Based Bulk Metallic Glass Parts Fabricated by Laser-Foil-Printing Additive Manufacturing
	Experimental Characterization of Direct Metal Deposited Cobalt-Based Alloy on Tool Steel for Component Repair
	PEEK High Performance Fused Deposition Modeling Manufacturing with Laser In-Situ Heat Treatment
	A Comparative Investigation of Sintering Methods for Polymer 3D Printing Using Selective Separation Shaping (SSS)
	Not Just Nylon... Improving the Range of Materials for High Speed Sintering
	Material Property Changes in Custom-Designed Digital Composite Structures Due to Voxel Size
	Quantifying the Effect of Embedded Component Orientation on Flexural Properties in Additively Manufactured Structures

	Non-Traditional Metals
	Influences of Printing Parameters on Semi-Crystalline Microstructure of Fused Filament Fabrication Polyvinylidene Fluoride (PVDF) Components
	Effects of Build Parameters on the Mechanical and Di-Electrical Properties of AM Parts

	Novel Polymers
	Laser Sintering of PA12/PA4,6 Polymer Composites
	Understanding Hatch-Dependent Part Properties in SLS
	Investigation into the Crystalline Structure and Sub-Tₚₘ Exotherm of Selective Laser Sintered Polyamide 6
	The Influence of Contour Scanning Parameters and Strategy on Selective Laser Sintering PA613 Build Part Properties
	Processing of High Performance Fluoropolymers by Laser Sintering

	Polymers for Material Extrusion
	Reinforcement Learning for Generating Toolpaths in Additive Manufacturing
	Control System Framework for Using G-Code-Based 3D Printing Paths on a Multi-Degree of Freedom Robotic Arm
	Analysis of Build Direction in Deposition-Based Additive Manufacturing of Overhang Structures

	Polymers for Powder Bed Fusion
	Topology-Aware Routing of Electric Wires in FDM-Printed Objects
	Using Autoencoded Voxel Patterns to Predict Part Mass, Required Support Material, and Build Time
	Continuous Property Gradation for Multi-Material 3D-Printed Objects
	Convection Heat Transfer Coefficients for Laser Powder Bed Fusion
	Local Thermal Conductivity Mapping of Selective Laser Melted 316L Stainless Steel


	Modeling
	Finite Element Modeling of the Selective Laser Melting Process for Ti-6Al-4V
	Modelling the Melt Pool of the Laser Sintered Ti6Al4V Layers with Goldak’S Double-Ellipsoidal Heat Source
	A Novel Microstructure Simulation Model for Direct Energy Deposition Process
	Influence of Grain Size and Shape on Mechanical Properties of Metal Am Materials
	Experimental Calibration of Nanoparticle Sintering Simulation
	Solidification Simulation of Direct Energy Deposition Process by Multi-Phase Field Method Coupled with Thermal Analysis

	Physical Modeling
	Thermal Modeling Power Beds
	Establishing Property-Performance Relationships through Efficient Thermal Simulation of the Laser-Powder Bed Fusion Process
	An Investigation into Metallic Powder Thermal Conductivity in Laser Powder-Bed Fusion Additive Manufacturing
	Simulation of the Thermal Behavior and Analysis of Solidification Process during Selective Laser Melting of Alumina
	Low Cost Numerical Modeling of Material Jetting-Based Additive Manufacturing
	Screw Swirling Effects on Fiber Orientation Distribution in Large-Scale Polymer Composite Additive Manufacturing

	Multi/Micro-Scale Modeling
	Numerical Prediction of the Porosity of Parts Fabricated with Fused Deposition Modeling
	Numerical Modeling of the Material Deposition and Contouring Precision in Fused Deposition Modeling
	Effect of Environmental Variables on Ti-64 Am Simulation Results

	Advanced Thermal Modeling
	Non-Equilibrium Phase Field Model Using Thermodynamics Data Estimated by Machine Learning for Additive Manufacturing Solidification
	Multi-Physics Modeling of Single Track Scanning in Selective Laser Melting: Powder Compaction Effect
	Towards an Open-Source, Preprocessing Framework for Simulating Material Deposition for a Directed Energy Deposition Process
	Quantifying Uncertainty in Laser Powder Bed Fusion Additive Manufacturing Models and Simulations

	Modeling Part Performance
	Optimization of Inert Gas Flow inside Laser Powder-Bed Fusion Chamber with Computational Fluid Dynamics
	An Improved Vat Photopolymerization Cure Model Demonstrates Photobleaching Effects
	Nonlinear and Linearized Gray Box Models of Direct-Write Printing Dynamics
	Insights into Powder Flow Characterization Methods for Directed Energy Distribution Additive Manufacturing Systems
	Effect of Spray-Based Printing Parameters on Cementitious Material Distribution

	Modeling Innovations
	Aligning Material Extrusion Direction with Mechanical Stress via 5-Axis Tool Paths
	Fieldable Platform for Large-Scale Deposition of Concrete Structures
	Microextrusion Based 3D Printing–A Review

	Improvements
	Theory and Methodology for High-Performance Material-Extrusion Additive Manufacturing under the Guidance of Force-Flow
	Knowledge-Based Material Production in the Additive Manufacturing Lifecycle of Fused Deposition Modeling
	Acoustic Emission Technique for Online Detection of Fusion Defects for Single Tracks during Metal Laser Powder Bed Fusion
	Development of an Acoustic Process Monitoring System for the Selective Laser Melting (SLM)


	Process Development
	Deposition
	Low Cost, High Speed Stereovision for Spatter Tracking in Laser Powder Bed Fusion
	Multiple Collaborative Printing Heads in FDM: The Issues in Process Planning
	Additive Manufacturing with Modular Support Structures
	Pick and Place Robotic Actuator for Big Area Additive Manufacturing

	Extrusion
	3D Printed Electronics
	Fiber Traction Printing--A Novel Additive Manufacturing Process of Continuous Fiber Reinforced Metal Matrix Composite
	Immiscible-Interface Assisted Direct Metal Drawing

	Imaging
	In-Situ Optical Emission Spectroscopy during SLM of 304L Stainless Steel
	Tool-Path Generation for Hybrid Additive Manufacturing
	Structural Health Monitoring of 3D Printed Structures
	Mechanical Properties of Additively Manufactured Polymer Samples Using a Piezo Controlled Injection Molding Unit and Fused Filament Fabrication Compared with a Conventional Injection Molding Process
	Use of SWIR Imaging to Monitor Layer-To-Layer Part Quality During SLM of 304L Stainless Steel

	Novel Methods
	DMP Monitoring as a Process Optimization Tool for Direct Metal Printing (DMP) of Ti-6Al-4V
	Effects of Identical Parts on a Common Build Plate on the Modal Analysis of SLM Created Metal
	On the Influence of Thermal Lensing During Selective Laser Melting
	Development of Novel High Temperature Laser Powder Bed Fusion System for the Processing of Crack-Susceptible Alloys
	Towards High Build Rates: Combining Different Layer Thicknesses within One Part in Selective Laser Melting
	Laser Heated Electron Beam Gun Optimization to Improve Additive Manufacturing
	Two-Dimensional Characterization of Window Contamination in Selective Laser Sintering
	Laser Metal Additive Manufacturing on Graphite

	Non-Metal Powder Bed Fusion
	Predictive Iterative Learning Control with Data-Driven Model for Optimal Laser Power in Selective Laser Sintering
	Realtime Control-Oriented Modeling and Disturbance Parameterization for Smart and Reliable Powder Bed Fusion Additive Manufacturing
	Microwave Assisted Selective Laser Melting of Technical Ceramics
	Research on Relationship between Depth of Fusion and Process Parameters in Low-Temperature Laser Sintering Process
	Frequency Response Inspection of Additively Manufactured Parts for Defect Identification
	Nanoparticle Bed Deposition by Slot Die Coating for Microscale Selective Laser Sintering Applications

	Spinning/Pinning/Stereolithography
	Fabrication of Aligned Nanofibers along Z-Axis – A Novel 3D Electrospinning Technique
	Z-Pinning Approach for Reducing Mechanical Anisotropy of 3D Printed Parts
	Structurally Intelligent 3D Layer Generation for Active-Z Printing
	microCLIP Ceramic High-Resolution Fabrication and Dimensional Accuracy Requirements



	Attendees
	Author Index
	Print
	Search



