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            Selective Laser Sintering A Design of Experiments Philip Hopkins, Mechanical Engineering, California Polytechnic State University San Luis Obispo; Victor Castillo PhD, Computational Engineering Division, Lawrence Livermore National Laboratory • Define the problem o What are the properties of a material produced by the additive manufacturing process? • Select the response variables o Geometric precision o Density o Ultimate strength o Toughness o Thermal/electrical conductivity Designing the Experiment • Determine the parameters that affect the response variables. Additive Manufacturing (AM), also commonly known as 3D Printing or Rapid Prototyping, is a method of manufacturing that provides for the ability to make intricate internal features and easily customizable parts. The concept is to break a Computer Aided Design (CAD) file into a series of thin layers that are sent to the machine and laid down one layer at a time. Just like any other form of processing, material properties can alter by undergoing this process. Manipulating various parameters of the AM process can allow for different properties to be achieved. For this reason, an in depth study will be done by Lawrence Livermore National Laboratory to discover what parameters are relevant, how those parameters interact with one another, and what affect those parameters have on the material. Abstract: Selective Laser Sintering • Powdered material fused by a high powered laser Laminated Object Manufacturing • Sheeted material adhered to lower layer and cut out Inkjet Printing/ Jetted Photopolymer • Liquid polymer “printed” and cured 3DP • Binder “printed” to adhere powder Fused Deposition Modeling • Spooled polymer “printed” in layers Stereolithography • Liquid Polymer Cured by a UV Laser Background Analysis Each new parameter is represented by a different dimension/color, meaning that each corner represent s a possible test case. Of the original 15 parameters identified, 8 suspected significant parameters were selected for further analysis, leading to 2 8 (256) test cases. A fractional factorial design was used to reduce the number of tests to 32 cases which are represented as black spheres in the full hypercube. Once data has been collected and each case has been repeatedly tested, an f-test can be performed using the variance between and within groups.  This Analysis of Variance (ANOVA) can be used to compare the parameters and to rank them in order of their  impact on the response variables. Response Powder Size 1 2 3 4 5 6 7 8 f= "between − group" variability "within − group" variability This work is performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. This material is based upon work supported by the S.D. Bechtel, Jr. Foundation and by the National Science Foundation under Grant No. 0952013. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the S.D. Bechtel, Jr. Foundation or the National Science Foundation. This project has also been made possible with support of the National Marine Sanctuary Foundation. The STAR program is administered by the Cal Poly Center for Excellence in Science and Mathematics Education (CESaME) on behalf of the California State University (CSU). Acknowledgements: References: 1. "Additive Fabrication." CustomPart.Net. CustomPartNet, 19 Nov. 2008. Web. 23 July 2012. <http://www.custompartnet.com/wu/additive-fabrication>. 2. Barker, Thomas B. Fractional Factorial Designs; 1-4. N.d. YouTube, 20 Mar. 2010. Web. <http://www.youtube.com/watch?v=MJoV__ubtR4>. 3. ConceptLaser. .material Data. Rep. Hofmann Innovation Group, n.d. Web. <www.concept-laser.de>. 4. Delgado, Jordi, Joaquim Ciurana, and Ciro A. Rodriguez. "Influence of Process Parameters on Part Quality and Mechanical Properties for DMLS and SLM with Iron-based Materials." International Journal of Advanced Manufacturing Technology 60.5-8 (2012): 601-10. Print. 5. Detailed Report on Laser Cusing, SLA, SLS and Electron Beam Melting (including Technical, Economical and Safety Features). Rep. no. GRANT AGREEMENT No 243631. 1.1st ed. Vol. DL. N.p.: Seventh Framework Programme, n.d. Print. 6. Hardro, Peter J., Jyh-Hone Wang, and Brent E. Stucker. "A DESIGN OF EXPERIMENT APPROACH TO DETERMINE THE OPTIMAL PROCESS PARAMETERS FOR RAPID PROTOTYPING MACHINES." Department of Industrial & Manufacturing Engineering University of Rhode Island, 08 Sept. 2009. Web. 23 July 2012. <http://mcise.uri.edu/jhwang/hardro/hardro.htm>. 7. Montgomery, Douglas C. Design and Analysis of Experiments. 7th ed. New York: John Wiley & Sons, 2009. Print. 8. Singh, A.K., and Regalla Srinivasa Prakash. "DOE Based Three-dimensional Finite Element Analysis for Predicting Density of a Laser-sintered Part." Rapid Prototyping Journal 16.6 (2010): 460-67. Print. 9. Vega, V., J. Clements, T. Lam, B. Fritz, N. Ula, and O.S. Es-Said. "The Effect of Layer Orientation on the Mechanical Properties and Microstructure of a Polymer." Journal of Materials Engineering and Performance 20.6 (2011): 978-88. Print. Response surfaces representing the effect caused by two interacting parameters can be generated by using a lower order regression representation. The surface above on the left represents two parameters that interact significantly, while the surface on the right represents two parameters that have little or no interaction. Grant # 0952013 
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Selective Laser Sintering A Design of Experiments
 Philip Hopkins, Mechanical Engineering, California Polytechnic State University San Luis Obispo; Victor Castillo PhD, Computational Engineering Division, Lawrence Livermore National Laboratory
 • Define the problem o What are the properties of a material produced
 by the additive manufacturing process?
 • Select the response variables o Geometric precision o Density o Ultimate strength o Toughness o Thermal/electrical conductivity
 Designing the Experiment
 • Determine the parameters that affect the response variables.
 Additive Manufacturing (AM), also commonly known as 3D Printing or Rapid Prototyping, is a method of manufacturing that provides for the ability to make intricate internal features and easily customizable parts. The concept is to break a Computer Aided Design (CAD) file into a series of thin layers that are sent to the machine and laid down one layer at a time.
 Just like any other form of processing, material properties can alter by undergoing this process. Manipulating various parameters of the AM process can allow for different properties to be achieved. For this reason, an in depth study will be done by Lawrence Livermore National Laboratory to discover what parameters are relevant, how those parameters interact with one another, and what affect those parameters have on the material.
 Abstract:
 Selective Laser Sintering • Powdered material fused
 by a high powered laser
 Laminated Object Manufacturing • Sheeted material adhered to
 lower layer and cut out
 Inkjet Printing/ Jetted Photopolymer • Liquid polymer
 “printed” and cured
 3DP • Binder “printed” to
 adhere powder
 Fused Deposition Modeling • Spooled polymer
 “printed” in layers
 Stereolithography • Liquid Polymer Cured
 by a UV Laser
 Background Analysis
 Each new parameter is represented by a different dimension/color, meaning that each corner represent s a possible test case. Of the original 15 parameters identified, 8 suspected significant parameters were selected for further analysis, leading to 28 (256) test cases. A fractional factorial design was used to reduce the number of tests to 32 cases which are represented as black spheres in the full hypercube.
 Once data has been collected and each case has been repeatedly tested, an f-test can be performed using the variance between and within groups. This Analysis of Variance (ANOVA) can be used to compare the parameters and to rank them in order of their impact on the response variables.
 Res
 po
 nse
 Powder Size
 1 2 3
 4 5 6
 7 8
 f ="between − group" variability
 "within − group" variability
 This work is performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. This material is based upon work supported by the S.D. Bechtel, Jr. Foundation and by the National Science Foundation under Grant No. 0952013. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the S.D. Bechtel, Jr. Foundation or the National Science Foundation. This project has also been made possible with support of the National Marine Sanctuary Foundation. The STAR program is administered by the Cal Poly Center for Excellence in Science and Mathematics Education (CESaME) on behalf of the California State University (CSU).
 Acknowledgements: References: 1. "Additive Fabrication." CustomPart.Net. CustomPartNet, 19 Nov. 2008. Web. 23 July 2012. <http://www.custompartnet.com/wu/additive-fabrication>. 2. Barker, Thomas B. Fractional Factorial Designs; 1-4. N.d. YouTube, 20 Mar. 2010. Web. <http://www.youtube.com/watch?v=MJoV__ubtR4>. 3. ConceptLaser. .material Data. Rep. Hofmann Innovation Group, n.d. Web. <www.concept-laser.de>. 4. Delgado, Jordi, Joaquim Ciurana, and Ciro A. Rodriguez. "Influence of Process Parameters on Part Quality and Mechanical Properties for DMLS and SLM with Iron-based Materials." International Journal of Advanced Manufacturing Technology
 60.5-8 (2012): 601-10. Print. 5. Detailed Report on Laser Cusing, SLA, SLS and Electron Beam Melting (including Technical, Economical and Safety Features). Rep. no. GRANT AGREEMENT No 243631. 1.1st ed. Vol. DL. N.p.: Seventh Framework Programme, n.d. Print. 6. Hardro, Peter J., Jyh-Hone Wang, and Brent E. Stucker. "A DESIGN OF EXPERIMENT APPROACH TO DETERMINE THE OPTIMAL PROCESS PARAMETERS FOR RAPID PROTOTYPING MACHINES." Department of Industrial &
 Manufacturing Engineering University of Rhode Island, 08 Sept. 2009. Web. 23 July 2012. <http://mcise.uri.edu/jhwang/hardro/hardro.htm>. 7. Montgomery, Douglas C. Design and Analysis of Experiments. 7th ed. New York: John Wiley & Sons, 2009. Print. 8. Singh, A.K., and Regalla Srinivasa Prakash. "DOE Based Three-dimensional Finite Element Analysis for Predicting Density of a Laser-sintered Part." Rapid Prototyping Journal 16.6 (2010): 460-67. Print. 9. Vega, V., J. Clements, T. Lam, B. Fritz, N. Ula, and O.S. Es-Said. "The Effect of Layer Orientation on the Mechanical Properties and Microstructure of a Polymer." Journal of Materials Engineering and Performance 20.6 (2011): 978-88. Print.
 Response surfaces representing the effect caused by two interacting parameters can be generated by using a lower order regression representation. The surface above on the left represents two parameters that interact significantly, while the surface on the right represents two parameters that have little or no interaction.
 Grant # 0952013
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