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Abstract 

 
Additive manufacturing (AM) with composite materials reveals new possibilities for 

direct manufacturing of end-use products, breaking the paradigm of 3D printing as only a 
prototyping or pre-production technique that has been the norm for many AM technologies. A 
crossflow air-to-water heat exchanger (HX) was designed for manufacturing via fused filament 
fabrication (FFF). Design iterations improved the manufacturability, considering issues such as 
geometric fidelity, watertightness, print time, support material, and manufacturing cost. Carbon 
fiber fillers enhanced the thermal conductivity of the base polyamide resin, allowing for thermal 
HX performance comparable to conventional aluminum finned tube heat exchangers. The 
anisotropic thermal conductivity impacts the heat exchanger performance. The design and 
manufacturing challenges reveal additional routes to continued performance gains as the HX is 
scaled up to an 8 kilowatt product. 
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Introduction 

 
Material extrusion-based additive manufacturing (AM) technology, such as fused 

filament fabrication (FFF), is possibly the single largest 3D printing process by number of 
printers, especially considering the availability of these devices as inexpensive, desktop printers 
that frequently appear in schools and makerspaces. However, FFF is still widely considered a 
prototyping technology, and has not yielded many prominent examples of manufactured 
products, in contrast to AM processes that are used for making shoe soles [1] or printed 
bones [2]. 

 
However, FFF has some unique advantages over other AM technologies that can be 

exploited to make economically viable manufactured parts. FFF uses low-cost material compared 
to other technologies. Powder materials can cost $175 to $250 per kg, compared to traditional 
injection molding materials that cost $2 to $3 per kg [3]. FFF materials, however, cost between 
$30 and $100 per kg, with the higher price reflecting specialty materials that do not benefit from 
economies of scale. Moreover, FFF materials will cost much less when production is ramped up, 
since the production method is the well-known, low-cost plastic extrusion technology. In 
contrast, powder materials are made through more expensive processes: cryogenic grinding, for 
example. Because these FFF materials are produced by extrusion, they can also contain high 
loads of fillers. Powder materials are not suitable for high filler contents, since the separate 
polymer and filler particles can segregate during powder application. If the filler is incorporated 
in the powder, it must be extremely short, and the reinforcing or conducting effects of the fibers 
are minimized. However, FFF materials have been loaded to 40 %vol or higher [4]. This high 
filler content can allow substantial enhancement of different properties, depending on the filler 
material, such as strength, stiffness, thermal conductivity, or electrical conductivity. 
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Finally, FFF machines are substantially less expensive than some other technologies, 

particularly so for powder-based technologies. While an FFF machine can range from $2500 to 
$40,000 for a high quality desktop machine up to a mid-range professional machine [5], SLS 
machines cost $100,000 and upwards [6]. Therefore, if FFF technology is matched with the right 
combination of material and product, there is a potential for low-cost manufacturing to be viable.  

 
Electrically conductive FFF materials can be made by adding conductive fillers to the 

base polymer resin, and these have been available for some time. The thermal conductivity can 
also be enhanced through the addition of fillers, although this generally requires higher filler 
loads [7] and benefits especially from fillers with a high aspect ratio, such as fibers [8]. It is 
understood that the fibers will tend to align in the flow direction in injection molding [9], which 
leads to anisotropic thermal conductivity with the highest conductivities associated with the 
major flow direction. The same behavior can be expected in the flow direction in FFF 
processing. These anisotropic properties can influence the design or manufacturing of a part, 
depending on the application requirements. Thermally conductive polymer composites have been 
used in injection molding for heat transfer applications, such as heat sinks [8]. However, AM 
allows parts to be produced with a high geometric complexity without additional costs, and can 
thus allow some atypical geometries to be manufactured economically. This work focuses on 
FFF printing of an air-cooled cross-flow heat exchanger, which enhances the heat transfer rate 
compared to traditional corrugated aluminum heat exchangers by raising the convection 
coefficient using many pin fins. However, printing these complex geometries yields some 
manufacturing challenges. Design requirements, manufacturing restrictions, and implications of 
the anisotropic properties should all be considered for the manufacture of a thermoplastic 
composite air-cooled heat exchanger. 

 
Methods 

 
Material 
A commercially available polyamide material with carbon fiber fillers, called Onyx 

(Markforged), was used for the print tests in the study. Burnoff tests showed that the material is 
approximately 14 %wt carbon fiber. The material was characterized by laser flash analysis, to 
measure the thermal diffusivity, and differential scanning calorimetry, to measure the specific 
heat capacity, but these measurements are not discussed here; more information is available in 
[10]. However, the flow-direction thermal conductivity of the Onyx material at room temperature 
was calculated from these measurements to be approximately 0.9 W/m-K, while the 
perpendicular conductivity is 0.3 W/m-K, similar to the thermal conductivity of an unfilled 
polyamide. This anisotropic conductivity has implications that are discussed later. 

 
A Makergear M2 printer, version E was used for printing samples. This FFF printer uses 

a direct-drive extruder mounted on a gantry with an axis in the x-direction, and the build plate is 
mobile in the z- and y-directions. A 0.35 mm stainless steel nozzle was chosen for the prints to 
resist the abrasion caused by the carbon fibers. Since polyamide is hydrophilic, and a high water 
content can cause printing defects, the material was stored in a dry box with a tube connecting to 
the printer, allowing the material to be kept dry until printing. 
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Micro-Computed Tomography (µCT) 
Some printed samples were scanned using a Zeiss Metrotom 800 µCT instrument. The 

technique takes many X-ray images of a sample as it is rotated on a stage; the reconstruction 
algorithms can convert the many 2D images into a 3D dataset. Scans of small and large printed 
parts had a resolution in the range of 20 to 40 µm, depending on the size of the object.  

 
Discussion 

 
The heat exchanger (HX) design is shown below in Figure 1. Water enters from one side, 

flows through half of the internal water channels to the opposite side, where it is recombined in a 
manifold, then travels through the remaining water channels to reach the outlet. At the same 
time, air flows perpendicular to the water, through air channels that contain pin fins to enhance 
the convection coefficient. On the right in Figure 1, the arrangement of airfoil pins through the 
air channels is shown. Earlier designs began with circular pins, since correlations for flow 
velocities and heat transfer coefficients are well-known, facilitating the design and verification of 
the HX. These circular pins very well illustrate some of the problems with using FFF to produce 
small geometries with sizes on the order of the nozzle diameter, as discussed below. 

 

 
Figure 1. Left: the cross-flow HX with pins and internal water channels. Right: the cross-section of the pins is an airfoil. 

To understand the issues with printing small features, it is useful to consider a horizontal 
cylinder with a diameter equal to the nozzle diameter of the printer: 0.35 mm in this example. 
When the 3D model is converted into a STereoLithography (STL) file, the surface of the cylinder 
is tessellated with triangles, and the circle is represented with a series of line segments. This 
approximation of the circle as a polygon can cause a small loss in the represented circle 
diameter, which can in turn cause the toolpathing software, known as a slicer, to ignore the 
feature. To put it another way, some toolpath generation software, such as the free, open-source 
Slic3r program, will sometimes ignore features that are smaller than a nozzle diameter. Thus, the 
original 3D model must be slightly enlarged, to account for the loss in diameter during the STL 
conversion. This is illustrated in Figure 2 below.  

 
As the slicing program creates the 2D layers from the STL file, based on the user-defined 

layer height (0.10 mm in the example in Figure 2), it will encounter layers containing sections of 
the cylinder that are thinner than the nozzle diameter. These are ignored, so depending on the 
quality of the STL file, there may be only one layer that leads to a bead to be printed, illustrated 
on the right in Figure 2. If this bead is a bridge, like the pin in the example, then the resulting 
bead will be a small stretched ellipse: quite different from the original, designed cylindrical pin. 
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Figure 2. Illustration of geometric losses. Left to right: an axial view of a cylinder designed larger than intended, the 

STL conversion reduces the circle width, the slicing software divides the shape vertically by layer height, and the only sliced 
layer wide enough is printed with an elliptical shape. 

The pins printed in early versions of the HX were cylinders with a diameter of 1 mm. 
These cylinders bridge a relatively small gap, between 2 and 3 mm, which is much smaller than 
the maximum bridge length. Figure 3 shows the maximum packing of beads into the space for 
the given pin diameter of 1 mm, nozzle diameter of 0.35 mm, and layer height of 0.2 mm. 
However, if the intended geometry (dashed line) were shifted up slightly with respect to the print 
layer (i.e. the pin is slightly farther from the build plate), then only seven beads would fit in the 
space. And as is evident in the µCT image, shown on the right, there is an interaction between 
the STL file and the toolpath generation that led to only six beads printing in most cases. 
Regardless, these circular pins do not always consolidate well, leaving holes on the bottom at 
times, which can lead to disruptions in the airflow, raising the pressure drop in the HX. 

 

 

Figure 3. Left: a circular pin as it would be printed with a 0.35 mm nozzle and 0.2 mm layer height. Right: actual 
circular pins printed with those settings and scanned with µCT. 

In order to move to using more complex pin shapes, which were promising for improving 
the heat transfer per mass and heat transfer per pressure drop ratios, a test piece was designed, 
which is described in detail in other work [11], as part of this project. The part includes five pin 
shapes at three different sizes each, as pictured below in Figure 4. The part was printed and 
scanned via µCT, which allowed some analysis of the geometric fidelity. An example intended 
cross section of the pins is pictured on the left in Figure 5, whereas the actual print cross section 
is given on the right; the white color is the material, and the black color is air. Clearly, there are 
many air gaps in the part, in some cases due to the toolpath (for example, the turns where the 
pins meet the wall) and in others due to the cross section; where the width of the pin is an uneven 
multiple of the nozzle diameter, the slicing program ignores the extra space. It is worth noting 
that these spaces could theoretically be filled, but there is no commercial or open-source slicer 
known to the author that will do that. 

2644



 
Figure 4. A test piece was designed [11] to test geometric reproducibility of several fin shapes. 

The airfoil-shaped pins were reproduced fairly well, with few noticeable voids. These are 
shown in the bottom row of the µCT scan in Figure 5, and a perpendicular cross-section is shown 
in the bottom row of Figure 6. Although there are some unavoidable voids in the pins, the overall 
airfoil shape is well-defined. Other shapes, such as the ellipsoids, showed flattening on the top or 
bottom due to the toolpaths, or poor consolidation, for example in the case of the circular pins. 

 

 
Figure 5. Left: intended xy-plane cross section of the different pin geometries. Right: actual printed geometry showing 

voids. White represents material and black represents air. 

Toolpath issues also affected the walls between the air and water channels, which directly 
led to a loss of watertightness. Figure 7 shows one of the problems. The left illustration shows 
toolpaths in red and blue. Examining the blue path, it is seen that the printer produces this 
geometry by moving in an H-like pattern across the channel, producing the walls and pins 
simultaneously. In the center image, a closeup view of one pin shows the detailed toolpath at this 
point. First, the outer edges of the pin are printed. Later, the center of the pin is printed, and a 
rotational motion attempts to fill the space at the intersection of the pin and wall. This motion 
reheats the frozen wall and causes deformations, which can lead to holes in the wall. These are 
shown in Figure 8 on the left. 
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Figure 6. Designed (left) and printed (right) elliptical (top) airfoil (bottom) pins as seen in CT scans. 

The right image in Figure 7 shows a custom toolpath, which had to be created by 
combining separate pin and wall STL files, then assigning a different FFF extruder to each STL. 
The slicer can be told that the printer has two extruders that occupy the same coordinates, and the 
tool change-related G-code commands can later be removed. Now, the pin is printed 
perpendicular to and on top of the previously printed wall, layer by layer. This eliminates the 
rotational motions at the wall and improves the wall quality, as seen in Figure 8 on the right. 
Unfortunately, this degree of toolpath control is not currently possible on arbitrary geometries, 
and there are still imperfect moves in the improved toolpath. For example, the right side of the 
pin is first printed in space (Figure 7, right), instead of beginning at the wall where it could be 
anchored. 

    
Figure 7. Left: an overview of the pin and wall dividing the air and water channels. Center: inset from left, the 

unintuitive automatically generated toolpath. Right: a customized, improved toolpath. 
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Figure 8. Marks from pin printing can be seen through the wall. Left: The auto-generated slicing path leads to holes in 

the walls, compromising the watertightness. Right: a custom slicing path improves the wall quality. 

When considering the thin walls between the air and water channels, it is also instructive 
to consider the anisotropic thermal conductivity of a fiber-filled material. Recalling that the 
thermal conductivity is high in the fiber-aligned direction, which is the same as the flow 
direction, then the fibers should be aligned along the toolpath in an FFF print.  

 
This presents a fundamental challenge in HX printing; the low conductivity of plastics 

(even filled plastics) drives the HX design to smaller and smaller features to shorten conductive 
paths, but small features greatly constrain the possible tool paths. The two most important 
features in the design are the fins and the walls dividing the two fluids. The fins will ideally 
conduct heat from the fluid to the walls (in-plane) at a very high rate. However, the walls will 
ideally conduct heat from one fluid channel into the other (through-plane), but not conduct along 
the length or width of the wall (in-plane). As illustrated in Figure 9 below, the fibers are oriented 
in the ideal direction along the axis of the pin, but they are oriented perpendicular to the ideal 
direction in the walls. 

 
Figure 9. Schematic drawing of the print direction in the walls and fins. 

For a given thermal conductivity, the HX wall should be as thin as possible. However, a 
very thin wall means that the toolpath during printing will be oriented along the length of the 
wall, putting the fibers in the worst orientation. One alternative could be to print the walls with a 
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perpendicular path, creating them with S-shapes. This requires thicker walls, which raise the 
weight of the heat exchanger, so the effect on the overall heat transfer per mass performance is 
unclear. A better solution might be to use an isotropic material in the walls, and only deposit the 
fiber-filled material in the pins. Dual material printing like that is greatly facilitated by FFF 
compared to other technologies. Regardless, it is clear that the thermal anisotropy will affect the 
heat exchanger design and performance. 
 

Conclusion 
 
Although FFF printers and slicing software continue to advance, there are real 

manufacturing challenges associated with small features and watertight structures. There is some 
loss in geometric fidelity during the conversion of solid 3D model to STL, and there is a larger 
loss when filling a relatively small shape with the elliptical beads associated with FFF. Slicing 
software does not allow fine control over the toolpath in different areas of a part, so currently, 
users are stuck with workarounds and tricks to address those problems. Nevertheless, advances 
have been made improving the quality of thin walls with these pin structures. Finally, although 
these other issues focus on the small-scale structure of the part, the microstructure also matters; 
that is, the fiber orientation within the material has an important influence on the part 
performance in this heat transfer application. This must be considered when designing the part, 
simulating its performance, and developing a manufacturing scheme for enhanced performance. 

 
Future Work 

 
These manufacturing issues were presented in the context of an air-cooled heat 

exchanger, but they are relevant for technical parts with a small feature size in general. The 
predictability of the differences between the designed part and the printed geometry is important, 
especially considering the functional aspect of the small features, cooling fins in this case; this 
predictability will probably improve as computer-aided design (CAD) software continues 
integrating printer control schemes, which is beginning to appear in some products such as 
SolidWorks and AutoCAD. This integration will hopefully lead to some degree of control or 
influence over the toolpath, since it is easiest to select features before the model is converted to 
STL. Desired features would include a print order (walls before pins) to improve watertightness, 
a preferred print direction (print pins moving in the y-direction before moving in the x-direction) 
to mitigate stringing or reduce the number of accelerations and the print time, and the ability to 
set different print parameters in different regions of a part.  

 
At the same time, this project will continue to focus on materials and application 

development. Armed with an understanding of the design issues, materials will be further 
developed to raise the thermal conductivity, in the flow direction but especially perpendicular to 
the flow direction. Many filler materials are potentially viable, from aluminum and copper flakes 
to carbon fiber and graphite. The relationship between the filler shape and the maximum filler 
content, limited by nozzle clogging, must be better understood. Variety and predictability in the 
materials will lead to better product design, which will lead to further examples of FFF-
manufactured parts. 
  

2648



Acknowledgements 
 
The authors would like to thank the U.S. Department of Energy ARPA-E for funding. 
 

References 
 

[1] Adidas, “Adidas Futurecraft,” 2017. [Online]. Available: 
http://www.adidas.com/us/futurecraft. [Accessed: 2-Aug-2017]. 

[2] “3D-printed skull implanted in patient,” UMC Utrecht, 2014. [Online]. Available: 
http://www.umcutrecht.nl/en/Research/News/3D-printed-skull-implanted-in-patient. 
[Accessed: 2-Aug-2017]. 

[3] M. Cotteleer, “3D opportunity for production: Additive manufacturing makes its 
(business) case | Deloitte University Press,” 2014. 

[4] M. Nikzad, S. H. Masood, and I. Sbarski, “Thermo-mechanical properties of a highly 
filled polymeric composites for Fused Deposition Modeling,” Mater. Des., vol. 32, pp. 
3448–3456, 2011. 

[5] M. Franchetti and C. Kress, “An economic analysis comparing the cost feasibility of 
replacing injection molding processes with emerging additive manufacturing techniques,” 
J. Adv. Manuf. Technol., vol. 88, pp. 2573–2579, 2017. 

[6] M. Molitch-Hou, “Desktop SLS: Industrial 3D Printing for the Masses? &gt; 
ENGINEERING.com,” Engineering.com, 2017. [Online]. Available: 
http://www.engineering.com/3DPrinting/3DPrintingArticles/ArticleID/14316/Desktop-
SLS-Industrial-3D-Printing-for-the-Masses.aspx. [Accessed: 31-Jul-2017]. 

[7] I. A. Tsekmes, R. Kochetov, P. H. F. Morshuis, and J. J. Smit, “Thermal conductivity of 
polymeric composites: A review,” in 2013 IEEE International Conference on Solid 
Dielectrics (ICSD), 2013, pp. 678–681. 

[8] S. Amesöder, “Wärmeleitende Kunststoffe für das Spritzgießen,” Universität Erlangen-
Nürnberg, 2010. 

[9] C. Heinle, “Simulationsgestätzte Entwicklung von Bauteilen aus Wärmeleitfähigen 
Kunststoffen,” FAU Erlangen, 2012. 

[10] T. Mulholland, A. Falke, and N. Rudolph, “Filled Thermoconductive Plastics for Fused 
Filament Fabrication,” Proc. Solid Free. Fabr., 2016. 

[11] R. A. Felber, “Design, simulation, and testing of novel air-cooled heat exchangers 
manufactured by fused filament fabrication,” University of Wisconsin - Madison, 2017. 

 

2649


	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



