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Abstract 

 

Metallic components with embedded sensors or smart parts can be a beneficial tool for 

monitoring harsh environments in the energy, biomedical, automotive, and aerospace industries.  

Smart parts maintain structural integrity with added functionality of sensing temperature, pressure, 

and structural health.  A non-intrusive placement of a sensor in metallic components was 

developed using powder bed fusion additive manufacturing (AM).  A paused build procedure was 

used to fabricate a proof of concept, a cylindrical shaped smart part using both electron beam 

melting (EBM) and selective laser melting (SLM) technologies.  This paper focuses on the 

fabrication process and characterization of the smart part.  A functional complex shaped energy 

system component, a smart injector was fabricated to demonstrate the applicability in harsh 

environments.  The pressure and temperature sensing capabilities were tested using compressive 

cyclic loading and hot fire testing in a combustion chamber testing.  A maximum sensing response 

of 3V was obtained for EBM fabricated smart part while applying compressive load.  An image 

analysis based part positioning method was demonstrated for EBM technology that can be 

employed in other AM technologies to alleviate or completely remove misalignment in a paused 

build fabrication process.   

 

Introduction 

 

 Additive manufacturing (AM) technology is advancing manufacturing of smart parts with 

embedded sensors, wires, electronic components, and multiple material in end use parts.  The 

embedded piezoceramic sensor in a metallic component or smart part can be an effective way of 

obtaining real time performance temperature and pressure feedback.  The energy industry can 

benefit from in situ process monitoring to improve efficiencies, in turn lowering emissions, and 

ensuring system safety of combustion processes.  Surface contacts, adhesive based contacts, or 

drilled holes are typical surface placement methods for thermocouples and pressure sensors in 

energy system components.  The surface or outer sensor placements can result in modification of 

part’s design in turn affecting regular operation.  For example, the aerodynamic performance or 

wind flow over a wind turbine can be affected by reducing aerodynamic properties due to design 

alterations.  Moreover, harsh environments can negatively impact sensor life or cause unreliable 

readings.  External thermocouples or pressure sensors can measure the external conditions, but not 

the inner condition of the components, within a combustion chamber for example.  AM technology 

fabricates complex shaped parts in a layer-by-layer fashion that can be paused to embed sensor 

material in a desired location.  Powder bed fusion (PBF) is a process category of AM technology 
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that uses precursor metal powder to create metallic components using an energy source specific to 

the technology (laser or electron beam) [1].  PBF process include direct metal laser sintering 

(DMLS), electron beam melting (EBM), selective laser melting (SLM), and selective laser 

sintering (SLS) technologies [2].  The three main aspects of the embedding process addressed in 

this paper are: 1) embedding technique of piezoceramic sensor material in metallic body, 2) sensor 

functionality as a pressure and temperature sensor, and 3) part positioning using image analysis 

technique.  Smart parts were fabricated using EBM and SLM.   

 

 Piezoceramic sensor works as a pressure sensor when a dynamic load is applied.  The 

piezoelectric effect creates an electric charge in the presence of applied force on the piezoceramic 

material and vice versa [3].  The electric response can be converted to values of strain, pressure, 

and force after proper calibration [4].  The pyroelectric effect creates electrical charge in response 

to heat flux, charge/heat flux coupling is dependent on polarization of the material [5].  Lead 

zirconate titanate (PZT) shows both piezoelectric and pyroelectric effect, making PZT an excellent 

choice for both pressure and temperature sensing material.  Li et al. demonstrated embedding of 

thermo-mechanical sensors within a metallic structure using shape deposition modeling (SDM) 

technology [6].  Delamination between of the layers where the embedding took place was observed 

in the SDM process.  Aguilera et al. worked on fabrication process of an electromechanical device 

that required the embedding of electronic components using fused deposition modeling (FDM) 

technology [7].  The use of thermoplastic material restricts the applications in elevated 

temperatures applications.  Pille worked on embedding of piezo sensor and RFID transponder 

inside of die cast zinc alloy parts [8].  Rai et al. showed embedding technique of thermocouples 

and strain gauges using SLS process, where the operating temperature reached ~170º C [9].  The 

high operating temperature fabrication process of PBF technologies (for example, EBM systems 

typically run at >700º C) limit the choice of sensor material for embedding purposes.  Any kind of 

protective layer or insulating material will be required to withstand high fabrication temperature 

of PBF technologies.   

 

 Another aspect of embedding technique is registration of the fabricated parts after 

embedding process.  The embedding process often requires the base part to be removed from the 

EBM machine.  SLM technologies, the build platform is secured using fixed position bolts which 

minimizes placement error.  After the embedding process using the SLM technologies, the start 

plate can be placed in its previous position and the fabrication is continued.  On the other hand, 

start plate position in build platform cannot be referenced using EBM technology, the start plate 

is placed directly on the powder bed with no securement.  Thus, alignment of the part is essential 

to continue fabrication after embedding the sensor package due to the part and start plate 

movement.  Touch probes and laser scanners are common referencing or positioning tools typically 

used in computer numerical control (CNC) machining, tooling equipment, and measurement 

devices.  Persson et al. demonstrated the use of laser scanner and touch probe scanner for dental 

surface topography measurements that showed a repeatability of the scanners within 10 μm [10].  

Park et al. showed a coordinate measuring machine (CMM) with force sensing touch probe and 

found a contact point error of ±10 μm [11].  Although the measurements using touch probe and 

laser scanner provides high accuracy measurements, the installation of such devices require 

additional or special installation space.  Moreover, the EBM machine runs at a high temperature 

(>700º C) that requires high temperature electronics and instrumentation to survive the build 

environment.  The thermal expansion of the part needs to be accounted in the part positioning 
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calculation that can be avoided by performing real time monitoring system.  An infrared 

thermography (IR) based image analysis is a plausible solution that meets all requirements for 

EBM fabrication, it is mounted externally in order to limit installation space, temperature 

exposure, and provides instantaneous monitoring.  The image analysis technique utilizes a real 

time monitoring system so that the thermal expansion issue can be neglected.   

 

 The work presented here showed the fabrication process of cylindrical shaped smart parts 

using SLM and EBM technologies.  The sensor capability was demonstrated using a compression-

compression loading test.  A smart injector was fabricated using SLM technologies to show the 

capabilities of fabricating complex shaped part and performing component level testing.  The smart 

injector was tested in a combustion chamber to show sensor responses in correspondence to 

temperatures changes.  The part positioning was demonstrated using a cylinder and a rectangular 

prism to demonstrate the ability to align both linear and angular alignment of the part.  The 

developed process shown here can be implemented for complex shaped parts to attain multi-

functional smart structures for engineering applications in the field of energy systems, aerospace 

industries, biomedical implants, and auto industries.    

 

Materials 

 

 The smart part is made up of several components, a schematic diagram of the assembly 

(Figure 1) is shown, Figure 1(a) shows an exploded view of the sensor assembly and Figure 1(b) 

shows the final assembly.  The sensor assembly consists of piezoelectric ceramic material, 

electrodes, and insulating material.  In this experiment, PZT was used as a sensor material for its 

high piezoelectric coefficient (d33 value ~400 pC/N) [12].  Tungsten was selected as the electrode 

Figure 1. Schematic diagram of smart parts, (a) components of sensor assembly and (b) 

assembled diagram 
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material for its high vaporization temperature [13].  Alumina was used as insulating material to 

isolate the sensor material from the metallic body.  Additionally, a housing was fabricated using a 

CNC Mini Mill 2 (HAAS Automatic Inc., CA) from the alumina (shown in Figure 2) and used to 

protect the sensor components from metallization during EBM processing.  Metallization occurs 

in EBM due to the high temperatures and high vacuum environment, causing metal to vaporization 

and coat surfaces.  No metallization occurs during SLM fabrication requiring only alumina plate 

to be used as insulators for the smart parts.  The extended portion of the sensor housing was broken 

off after the fabrication process was finished.  An isolation cup was implemented during 

fabrication of EBM smart parts to prevent metal powder from short circuiting the sensor assembly.  

The structure of the smart parts was fabricated using Ti-6Al-4V and Inconel 625 powder for EBM 

and SLM systems, respectively.  Parameters for both materials are commercially available and 

both materials are well suited for energy industry components.  

 

Fabrication Process 

 

 In this paper, the embedding process of PZT sensor material was explored using both PBF 

technologies, EBM and SLM.  The fabrication procedure involves the insertion of sensor assembly 

into the metallic structure at a specific height while PBF process is paused, and subsequently 

continuing the fabrication process.  The part included a cavity to house the sensor, after sensor 

placement a cap is included to cover the sensor and provide a surface to resume fabrication.  The 

fabrication steps differs based on the PBF technology used.  The EBM “stop and go” process 

consists of six steps and are shown in Figure 3.  The process starts with fabricating the bottom and 

insert part (step 1), the insert part is necessary to cap and hold the sensor assembly and create a 

planar surface to allow fabrication to proceed.  Step 2 is to embed sensor assembly within the 

part’s cavity, using a ceramic housing and insert part.  Next, step 3 requires machining of mask 

plate to create a planar surface for fabrication, align the part when the process is resumed, and 

reduce any powder charging which results in a smoking event during the fabrication process [14].  

Then, the part containing the sensor assembly is placed in the masked to prepare to resume 

fabrication in step 4.  The top of the smart part is fabricated when the process continues (step 5) 

and the smart part is complete after removal from the mask plate in (step 6).  

Figure 2. Alumina housing for protecting the sensor material 

Cavity for placing sensor, 

and electrodes 

Space for electrode leg 
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 The smart part fabrication process or “stop and go” using SLM technology requires five 

steps and are shown in Figure 4.  In comparison to EBM fabrication, no mask plate is required, 

and the bottom part is bonded to the start plate and never removed during the stop and go process. 

As a result, the part can be aligned using the build platform fixture bolts which provides high 

placement repeatable.  The steps for fabrication are as follows, step 1 is to fabricate the insert part,  

step 2 fabricate the bottom part on a separate build platform, step 3 the sensor assembly and insert 

part are stacked together and placed in the cavity, step 4 resumes the SLM fabrication process, and 

step 5 the smart part is completed.   

Figure 3. “Stop and go” process to fabricate smart parts using EBM technology 
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Part Positioning Methodology 

 

 A part positioning technique is required for EBM fabrication of the smarts parts, but can 

be applied to other technologies where realignment is required.  After removing the part from the 

build platform, the part cannot be placed in its previous position, hence part positioning becomes 

necessary.  The part positioning algorithm was developed using MATLAB (MathWorks, Natick, 

MA) based on image analysis techniques to find the centroid location and angular rotation of the 

part.  A cylindrical part and a rectangular prism were fabricated to demonstrate both linear and 

angular alignment using image analysis to calculate the misalignment and calculate the origin.  A 

FLIR SC645 (FLIR Systems Inc., Wilsonville, OR) infrared (IR) camera was used to obtain images 

before and after the embedding process which was operated by a virtual instrument using 

LABVIEW (National Instruments, Austin, TX).  The translation and rotation of the part can be 

calculated by comparing binary images of the part before removal from the EBM system and after 

replacement.  In this analysis, an IR image is converted into a binary image, the part is designated 

as 1 (white) and the powder as 0 (black).  From a binary image, the centroid can be calculated 

using total pixel value of the part [15].  For binary image, B[i,j], the centroid can be calculated by,   

 

 

x̅ =
∑ ∑ jB[i, j]r−1

j=0
c−1
i=0

A
 (1) 

 
y̅ =

∑ ∑ iB[i, j]r−1
j=0

c−1
i=0

A
 

(2) 
 

Where 𝑥̅ and y̅ are the centroid pixel location of the measured part, and A is the area of the part 

calculate from the image.  

Figure 4. “Stop and go” process to fabricate smart parts using SLM technology 

2472



The binary image is shown in Figure 5a, and the calculated centroid is shown in Figure 5b 

as a blue dot.  The centroid was calculated using equations 1 and 2, were used to identify the 

position before and after embedding.  Next, the linear displacement was calculated using the 

difference of the centroid pixel locations of the images from the before and after images.  

Calculating the new part position is done by using the original EBM origin position (P1, Q1), the 

measured centroid pixel position (Xcentroid,1, Ycentroid,1), and the new centroid pixel position 

(Xcentroid,2, Ycentroid,2) after repositioning the part.  The center beam location after repositioning, (P2, 

Q2), can be calculated using the following equations, 

 P2 = P1+ α×(Xcentroid,2 - Xcentroid,1) (4) 

 Q2 = Q1+ α×(Ycentroid,2 - Ycentroid,1) (5) 

A conversion coefficient, α, was used to convert pixel to mm values.  The conversion 

coefficient was calculated using a known distance of four cylinders in the build platform. Five 

images at different layers were considered for calculation and the average was used to obtain α 

value. 

 

The edge locations of the part was obtained using Canny edge detection technique [16].  

The coordinates of the edges were used to calculate the slopes of the edges.  Using the slope and 

an inverse tangent function the angle was calculated.  The angular displacement (R) of the part 

was calculated using the angle before the pause (R1) and the angle after the pause (R2) and is 

shown in the following equation, 

 

 
R = R1 – R2 (10) 

 

(a) 
(b) 

(313.31, 297.03) 

Figure 5. Centroid location calculation using a binary image. The part is shown in white color. 

(a) Conversion of binary image and (b) detection of centroid (denoted using blue asterisk) and 

centroid pixel location is shown in red bounding box 
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Edge detection and angle measurements were taken from the images shown in Figure 6.  

Figure 6 (a) and 6 (c) depicts the optical and binary image of before pausing the system, and Figure 

6 (b) and 6 (d) depicts the optical and binary image of after pausing the system, respectively.  

Figure 6 (c) and Figure 6 (d) demonstrates the corresponding angle R1 and R2.  The obtained 

angular displacement R was applied in the CAD model by rotating the entire part in the x-y 

coordinate systems, rotation cannot be changed through the machine’s interface.   

 

 

Figure 6. Edge detection and angle measurement for angular displacement. (a) & (b) optical 

image taken from EBM build platform of before and after pausing the system, respectively, and 

(c) & (d) binary image of the corresponding part of before and after pausing the system, 

respectively. The blue bounding box represents the edge considered for angle calculation and 

R1 and R2 are the calculated angle of the corresponding edges.  The optical images show the 

part’s positions within the build platform but are not involved in image analysis calculations  
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Results and Discussion 

 

Smart Parts:  

 

 Two versions of the smart parts were fabricated, EBM (Figure 7a), and SLM (Figure 7b), 

both smart parts contain PZT sensors, electrodes, and insulating material as shown in Figure 1.  

The sensor housing has been broken as shown in Figure 7 (a) and Figure 7 (b) shows the SLM 

fabricated smart part, where alumina plates were used.  After fabrication every smart part was 

evaluated by testing for open circuit condition between the sensor electrodes using a SPERRY 

DM-4400A digital multi-meter (SPERRY Instruments, Menomonee Falls, WI). An additional step 

of re-poling was required for the PZT sensor to recover the piezoelectric coefficient (d33) [17].   

 

Force Sensing:  

 

 A compression-compression test was performed to evaluate the force sensing capability of 

the EBM fabricated smart part.  A flat end cylindrical fixture and load concentrator (Figure 8) was 

used for testing.  The load concentrator transferred the load to the center of the smart part, where 

Figure 7. Smart parts fabricated using (a) EBM and (b) SLM technology 

Figure 8. Force sensing test set up of smart part 
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the PZT sensor material resides.  The testing was performed using a MTS Landmark 

Servohydraulic test system (Eden Prairie, MN).  The test specimen was compressed initially at 

~0.25 mm and oscillated ± 0.1 mm using four different frequencies of 10 Hz, 15 Hz, 20 Hz, and 

25 Hz.  The voltage responses were recorded using a NI PCI-6621 DAQ system (National 

Instruments, Austin, TX), and plotted against time.  Figure 9 shows the PZT voltage response 

under the four frequencies corresponding to the applied force.  The voltage response results show 

the functionality of the smart parts as a force/pressure sensor.  The sensing voltage for different 

frequencies showed good agreement with the applied force on the smart parts.  A calibration 

method can be developed to evaluate the smart part’s operation for engineering applications.  

 

Smart Injector:  

 

 A smart injector was fabricated to demonstrate the capability of PBF “stop and go” 

manufacturing to fabricate complex shapes, shown in Figure 10.  Two sensor assemblies were 

embedded inside the metallic body, the electrodes of the sensors are visible in Figure 10.  The 

injector was tested in a combustion chamber (Figure 11) to compare the sensor temperature reading 

to a surface thermocouple.  The flame created at the tip is shown in Figure 11 (a) and the 

corresponding sensor response due to temperatures change is shown in Figure 11 (b).  

 

Figure 9. Voltage response obtained from smart part in accordance to applied force at 

frequencies of (a) 10 Hz, (b) 15 Hz, (c) 20 Hz, and (d) 25 Hz  
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Alignment Results:  

 

 Parts fabricated with the “stop and go” are shown in Figure 12, a cylinder and a rectangular 

prism that were paused mid build, moved arbitrarily, and aligned using image analysis.  Different 

geometries were used to evaluate both motion types, the cylinder only used translation and the 

rectangular prism required both translation and rotation.  The misalignment was measured using 

integrated laser measurement system from an OGP SmartScope Flash 250 (OGP, Rochester, NY), 

shown in Figure 13 for both test coupons.  Points spaced 0.025mm were used to obtain 16 line 

scan measurements for the cylindrical part and resulted in a maximum average misalignment of 

0.15 mm.  The rectangular prism was measured using three points per side of the top and bottom 

section (Figure 13(b)), eight edges were used for the misalignment calculation.  A maximum 

average misalignment of 0.87 mm was obtained for the rectangular prism.   

 

Figure 10. Smart injector fabricated using SLM technology 

Figure 11. Smart injector testing (a) combustion chamber test set-up and (b) temperature 

sensing response and surface thermocouple results 
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Conclusion 

 

 The work presented here showed the embedding and alignment techniques to fabricate 

smart parts with embedded piezoceramic sensor material in PBF technologies.  This research 

demonstrated the fabrication process of a complex shaped energy system component, a smart 

injector.  Embedding sensor can prolong the life cycle when used in harsh/hard-to-reach 

environments and provide valuable process data to improve efficiency.  Monitoring position for 

realignment is critical to prevent any registration or alignment errors during fabrication.  PBF 

technology provides opportunity to fabricate, parts containing embedded sensor material at any 

Figure 12. Parts aligned using image analysis based part positioning technique, (a) cylindrical 

part and (b) rectangular prism 

(a) (b) 

Figure 13. Misalignment measurement (a) cylindrical part and (b) rectangular prism. The 

white bar was used to aligning the part in the platform  

(a) (b) 
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desired height or position in complex parts.  Moreover, the “stop and go” process gives the 

opportunity to fabricate complex shaped parts without altering a part’s geometry or structural 

integrity.  To enable the “stop and go” manufacturing, image analysis techniques were developed 

to minimize repositioning errors for both translational and rotational errors when replacing the part 

in the EBM machine.  Furthermore, methods described herein can be a pathway for achieving 

multi-functional and multi-material end use parts using PBF based AM technologies.   

 

Acknowledgements 

 

The research was performed at The University of Texas at El Paso (UTEP) in the W.M. 

Keck Center for 3D Innovation, providing access to the state-of-the-art facilities and equipment. 

The research was supported, in part, by the U.S. Department of Energy (DOE-NETL) through 

award number DE-FE0012321. Any findings, opinions, conclusions, or suggestions herein are 

those of the authors, and do not necessarily reflect the views of the DOE or any other funding 

source or agency.  

 

References 

 

[1] H. Gong et al, "Analysis of defect generation in Ti–6Al–4V parts made using powder bed 

fusion additive manufacturing processes," Additive Manufacturing, vol. 1, pp. 87-98, 2014.  

[2] I. Gibson, D. W. Rosen and B. Stucker, Additive Manufacturing Technologies. 2010238. 

[3] A. Arnau, Piezoelectric Transducers and Applications. 20042004. 

[4] J. Sirohi and I. Chopra, "Fundamental understanding of piezoelectric strain sensors," J Intell 

Mater Syst Struct, vol. 11, (4), pp. 246-257, 2000.  

[5] J. G. Webster and H. Eren, Measurement, Instrumentation, and Sensors Handbook: Spatial, 

Mechanical, Thermal, and Radiation Measurement. 2014. 

[6] X. C. Li, A. Golnas and F. B. Prinz, "Shape deposition manufacturing of smart metallic 

structures with embedded sensors," in PROCEEDINGS-SPIE THE INTERNATIONAL SOCIETY 

FOR OPTICAL ENGINEERING, 2000. 

[7] E. Aguilera et al, "3D printing of electro mechanical systems," in Proceedings of the Solid 

Freeform Fabrication Symposium, 2013. 

[8] C. Pille, "In-process-embedding of piezo sensors and RFID transponders into cast parts for 

autonomous manufacturing logistics," Smart Systems Integration, pp. 1-10, 2010.  

[9] R. Rai, M. Campbell and K. Wood, "Extracting product performance by embedding sensors in 

SFF prototypes," in Proceedings of International Solid Freeform Fabrication Symposium, Austin, 

Texas, 2004. 

2479



[10] A. Persson et al, "A three-dimensional evaluation of a laser scanner and a touch-probe 

scanner," J. Prosthet. Dent., vol. 95, (3), pp. 194-200, 2006.  

[11] J. Park, K. Kwon and N. Cho, "Development of a coordinate measuring machine (CMM) 

touch probe using a multi-axis force sensor," Measurement Science and Technology, vol. 17, (9), 

pp. 2380, 2006.  

[12] S. Zhang et al, "Piezoelectric materials for high power, high temperature applications," Mater 

Lett, vol. 59, (27), pp. 3471-3475, 2005.  

[13] I. Langmuir, "The vapor pressure of metallic tungsten," Physical Review, vol. 2, (5), pp. 329, 

1913.  

[14] H. Tang et al, "Effect of powder reuse times on additive manufacturing of Ti-6Al-4V by 

selective electron beam melting," JOM, vol. 67, (3), pp. 555-563, 2015.  

[15] M. Sonka, V. Hlavac and R. Boyle, Image Processing, Analysis, and Machine Vision. 2014. 

[16] J. Canny, "A computational approach to edge detection," IEEE Trans. Pattern Anal. Mach. 

Intell., (6), pp. 679-698, 1986.  

[17] A. D. Prewitt, Effects of the Poling Process on Dielectric, Piezoelectric, and Ferroelectric 

Properties of Lead Zirconate Titanate. 2012. 

  

2480


	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



