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Southwest Emerging Technology Symposium 
THE UNIVERSITY OF TEXAS AT EL PASO 

 
April 14th, 2018  

 
7:00 am 
 
7:00 am 
 
 
 

REGISTRATION  
 
BREAKFAST 
 

Wyndham El Paso Airport 
 
Wyndham El Paso Airport 

 
 

 

Room: West Lobby 
 
Room: Sandalwood/ 
Satinwood  
 
 7:45 am OPENING NOTES Ryan Wicker, Ph.D. 

Mr. and Mrs. MacIntosh Murchison Chair I 
in Engineering  
Director, W.M. Keck Center for 3D 
Innovation 
 
 

Room: AV Theater  
 

7:50 am WELCOME  Ahsan Choudhuri, Ph.D. 
Associate Vice President for Strategic 
Initiatives 
Director, NASA MIRO Center for Space 
Exploration and Technology Research 
The University of Texas at El Paso 

Room: AV Theater 
 
 
 
 

7:55 am SPECIAL REMARKS Theresa A. Maldonado, Ph.D.  
Dean, College of Engineering 
The University of Texas at El Paso 

Room: AV Theater 
 
 
 

8:00 am 
 

AEROSPACE & DEFENSE TOWN HALL 
PRESENTATION 
 
Title: “Advanced Technology: Driving Technological Innovation for 

the Future of Missile Defense”  
 

Douglas Deason, Ph.D.  
Director, Advanced Research  

Missile Defense Agency  
 

Title: “The Frontiers of Aerospace”  
 

Nick Gonzales 
THAAD Chief Engineer 

Lockheed Martin, Space Systems Company 
 

Moderator:  
Ahsan Choudhuri, Ph.D. 

Associate Vice President for Strategic Initiatives  
Director, NASA MIRO Center for Space Exploration and Technology 

Research  
The University of Texas at El Paso   

 

 

 

 

 

Room: AV Theater 

9:20 am   
 

PARALLEL TECHNICAL SESSIONS I 

Session 1-A    Additive Manufacturing I  

Session 1-B    Unmanned Aerial Vehicle I 

Session 1-C    Aerospace and Defense I  

Session 1-D   Aerospace and Defense II  

Session 1-E    Aerospace and Defense III 

Session 1-F    Unmanned Aerial Vehicle II 

   

 

 

         

 

Room: Willow 

Room: Oakwood 

Room: Rosewood 

Room: Acacia 

Room: Poplar 

Room: Orchid 
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10:00 am  
 

PARALLEL SESSION  
 
K-12 SESSION: Road to STEM Careers 
 

Nick Gonzales 
THAAD Chief Engineer 

Lockheed Martin, Space Systems Company 
 

Larry Loh, Ph.D. 
Director, Engineering Technology & Advanced Manufacturing 

Lockheed Martin, Space Systems Company 
 

Mariana Chaidez  
Ph.D. Research Associate, NASA MIRO Center for Space Exploration 

and Technology Research  
The University of Texas at El Paso  

 
Justin Vanhoose 

Ph.D. Research Associate, NASA MIRO Center for Space Exploration 
and Technology Research  

The University of Texas at El Paso  
 

Moderator:  
Luz Bugarin  

Engineering Project Manager 
 NASA MIRO Center for Space Exploration and Technology Research 

The University of Texas at El Paso  
 

SMALL BUSINESS SESSION  
 

Douglas Deason, Ph.D. 
Director, Advanced Research 

Missile Defense Agency  
 

Moderator:  
Oscar H. Salcedo, Ph.D. 

Director, Corporate Relations 
College of Engineering  

The University of Texas at El Paso  
 

UNMANNED TRAFFIC MANAGEMENT SESSION  
 

Title: “Unmanned Traffic Management Systems” 
 

Parimal Kopardekar, Ph.D. 
Manager, Safe Autonomous System Operations Project 

NASA Ames Research Center 
 

Moderator:  
Michael McGee, Ph.D.  

Senior Research Associate 
NASA MIRO Center for Space Exploration and Technology Research 

The University of Texas at El Paso 

 
 
Room: AV Theater 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Room: Orchid 
 
 
 
 
 
 
 
 
 
 
 
Room: Oakwood 
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11:00 am  ENERGY FORUM  
 
Title: “NASA’s Development of Power Technology: for the Heavens 

and the Earth” 
 

John H. Scott 
Chief Technologist, Propulsion and Power Division 

NASA Lyndon B. Johnson Space Center 
 

Title: “Introduction to Wood” 
 

Dean Harwood 
President, Strategy and Development 

Wood Group 
 

Title: “Lockheed Martin Energy: An Overview” 
 

Anthony Menn 
Technical Performance Lead  

Lockheed Martin, Energy 
 

Moderator:  
Norman Love, Ph.D.  
Associate Professor  

Department of Mechanical Engineering  
The University of Texas at El Paso 

Room: AV Theater 

   12:00 pm LUNCH 
 

Room: Sandalwood/ 
Satinwood 

1:00 pm AEROSPACE FORUM 
 

Title: “Lockheed Martin Space Overview” 
 

Larry Loh, Ph.D. 
Director, Engineering Technology & Advanced Manufacturing 

Lockheed Martin, Space Systems Company 
 

Title: “LOX/Methane Propulsion for Spacecraft: Overview of Recent 
Testing at NASA Johnson Space Center” 

 
John C. Melcher, Ph.D. 

Liquid Propulsion Systems Engineer, Propulsion and Power Division 
NASA Lyndon B. Johnson Space Center 

 
Moderator:  

Michael Everett, Ph.D.  
Research Engineer 

NASA MIRO Center for Space Exploration and Technology Research 
The University of Texas at El Paso  

Room: AV Theater 
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2:00 pm INDUSTRY INVITED TALKS 
 

Title: “Lockheed Martin Energy: Innovation in Energy” 
 

Mark Alberding 
Energy Line of Business Technology Lead 

Lockheed Martin, Energy  
 

Title: “An Insight to Engineering Applications in the Oil and Gas 
Industry” 

 
Mahesh Subramanya, Ph.D. 

Principal Engineer – Heat Transfer, Mechanical Facilities  
Wood Group  

 
Moderator:  

Yirong Lin, Ph.D.  
Associate Professor  

Department of Mechanical Engineering 
The University of Texas at El Paso  

 

 

Room: AV Theater  

2:30 pm EARLY CAREER INVITED TALKS 
 

Title: “Performance Driven Cellular Architecture with 
Manufacturable Topology” 

 
Bashir Khoda, Ph.D. 

Assistant Professor, Department  of Industrial and Manufacturing 
Engineering 

North Dakota State University 
 

Title: “Staged, Pressurized Oxy-Combustion Process  
a Means to Reduce Efficiency Penalties and Cost for Carbon 

Capture”  
 

Akshay Gopan, Ph.D. 
Chemical Engineer, Department of Energy, Environmental, and Chemical 

Engineering 
Washington University in St. Louis 

Moderator:  
Cesar Terrazas, Ph.D.  

Research Assistant Professor 
Department of Mechanical Engineering 

h  i i  f   l   
 

 

Room: Rosewood 
 

      3:30 pm   PARALLEL TECHNICAL SESSIONS II 

Session 2-A    Additive Manufacturing II 

Session 2-B    Aerospace and Defense IV  

Session 2-C    Aerospace and Defense V – ITAR  

Session 2-D   Aerospace and Defense VI 

Session 2-E    Energy I 

Session 2-F    Emerging Technologies I  

                

 

Room: Willow 

Room: Oakwood 

Room: Rosewood 

Room: Acacia 

Room: Poplar 

Room: Orchid 

6:00 pm 
 

DINNER 

 
 

Room: Sandalwood/ 
Satinwood 
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Mark Alberding 
Energy Line of Business Technology Lead 

Lockheed Martin, Energy 

Mr. Alberding is the Advanced Technology Lead for the Lockheed Martin 
Energy Line of Business, with 30 years experience in Materials and 
Manufacturing Research and Development, product development and 
technology transition to DoD and commercial markets. Establishes 
objectives and top-level strategies for Energy market segments/value 
chain, development roadmaps and strategies for key Energy products, 
technologies and capabilities. Ensures the technical integrity of Energy 
products and leads internal and contracted research and development 
efforts, ensuring projects continue to be relevant and meet business 
objectives.  Works collaboratively across the Lockheed Martin Business 
Areas to establish, coordinate and execute strategic enabling 
technologies, CR&D / S&T Government Lab coordination, University 

partnerships, and investment and technology investment plans. Mr. Alberding graduated from 
Purdue University with a Bachelor of Science degree in Aviation Technology. 
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Douglas Deason, Ph.D. 
Director, Advanced Research 

Missile Defense Agency 

Dr. Douglas Deason leads the Advanced Research Directorate at the 
Missile Defense Agency with responsibility for the early phase 
technology portfolio, including the SBIR/STTR Program, University 
Research, Rapid Innovation Fund, Broad Agency Announcements, and 
International Research programs.  In this role, he executes the Agency’s 
vision for development of enhanced capabilities for the Ballistic Missile 
Defense System.  He has had a varied career having working for both 
small and large businesses, consulting firms, a research institution and the 
Department of Defense. He has been a small business owner and an SBIR 
Program Principal Investigator. He has authored a number of SBIR topics 
for the Army and MDA, serving as a technical evaluator, research area 

lead, and co-author of the Agency’s SBIR investment strategy. Dr. Deason received his M.S. from 
the University of Florida and a Ph.D. from the University of California, Berkeley both in Materials 
Science and Engineering. 

After a twenty-year career in industry conducting and managing materials and process technology 
development programs, he joined federal service in 1999 as part of the Advanced Technology 
Directorate for the U.S. Army Space and Missile Defense Command, eventually becoming its 
Deputy Director. He started a materials and manufacturing technology portfolio, which at its zenith 
had over $50M in funding. Dr. Deason joined the Missile Defense Agency in 2007 as the 
Huntsville Lead for the Manufacturing and Producibility Directorate. In 2009, he assumed the role 
of SBIR/STTR Director, restructuring the program for greater transition opportunities, and 
significantly streamlined the program. In 2011, he became the Director, Advanced Research 
managing a portfolio of over $120M annually. 
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Akshay Gopan, Ph.D. 
Chemical Engineer 

Department of Energy, Environmental, & Chemical Engineering 
Washington University in St. Louis 

Akshay Gopan is a chemical engineer with a Ph.D. in Energy, 
Environmental and Chemical Engineering from Washington University 
in St. Louis. His expertise is in new process development, and has worked 
closely with industry OEMs and utilities to develop a new power plant 
concept, called Staged, Pressurized Oxy-Combustion (SPOC), which can 
increase carbon capture power plant efficiencies by 25% with minimal 
increase in cost of electricity. His research work included developing 
plant models, performing techno-economic analyses, and developing 
burner and combustor designs for high pressure coal combustion. He has 
experience in combustion simulations and experimental work from 
bench-top to pilot scale, with a focus on flame design to obtain desired 

heat flux profiles and ash slagging mitigation. He has given several invited talks to present the 
research results on the SPOC process and has also helped attract significant govt. funds to develop 
the process. 

During the course of his research, he has worked on several projects involving solid, liquid and 
gaseous fuels not only for power generation, but also for other applications, including material 
synthesis via the combustion route. 

His research interests are in developing methods to address issues surrounding various combustion 
processes. 
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Nick Gonzales 
THAAD Chief Engineer 

Lockheed Martin, Space Systems Company 

Nick Gonzales serves as Director of Technical Operations THAAD, at 
Lockheed Martin (LM) Space Systems Company (SSC).  

Prior to his role, he has served in various positions including the FBM 
Director of Programs and Director of Systems Engineering (SE) for 
Lockheed Martin Space Systems Company where he was chartered with 
pioneering the continued development of Lockheed Martin’s world class 
SE organization.   

Lockheed Martin has participated extensively in the development of our 
Nations Missile Defense endeavor and Mr. Gonzales most recently lead 

the design of Lockheed Martin’s offering for the next generation interceptor kill vehicle.  The 
purpose of this kill vehicle was to enhance homeland defense against missile attack.  When the 
Government decided they would assemble the best industry had to offer into a cohesive design, 
Mr. Gonzales served as the LM representative to that industry team. 

Prior to embarking on the design of Nations next generation kill vehicle for homeland defense, 
Mr. Gonzales dedicated a large portion of his career to developing and fielding the THAAD 
interceptor.  He started this effort in the systems test group where he set up the launch control 
room for implementation of countdown go/no-go operations and managed the $90M development 
of the production test equipment used to ATP the missile rounds.  He served as the manager of 
systems integration when the focus was on getting the interceptor qualified for flight.  Mr. 
Gonzales transitioned to CSE during the flight test program, focusing on flight test mission success 
and on resolving issues discovered during flight operations.  Finally, he served as the Director and 
CE of the THAAD interceptor, driving hard to obtain the approval of the United States 
Government to release the interceptor to the war fighters in order to defend our troops, friends, 
and allies in their theater of operation. 

Under his leadership, the THAAD missile team has provided the Missile Defense Agency (MDA) 
and the Nation with a missile system that has demonstrated groundbreaking capability and reliably 
achieving a perfect mission success record. Mr. Gonzales has actively participated in and led the 
development efforts associated with Missile Systems, Missile Software, Missile 
Structure/Propulsion Elements and all Test Equipment. 

Mr. Gonzales has over 30 years of successful hands on engineering experience and has held 
leadership positions in Engineering and Program Management.  He received his bachelors of 
science in mechanical engineering from San Jose State University with a minor in electronics.  He 
is a recipient of the prestigious Lockheed Martin NOVA award and has received various other 
recognition awards from the corporation. 
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Dean Harwood 
President, Strategy & Development 

Wood Group 

Dean Harwood is president of Strategy & Development for Wood’s 
largest business unit – Asset Solutions Americas. He oversees the 
company’s business development functions, implements strategic growth 
initiatives, drives growth across the energy and industrial sectors where 
Wood operates, and identifies opportunities for expanding into other key 
geographic markets and sectors across the Americas region.  

Dean has nearly 30 years of experience in finance, strategy, operations 
and executive leadership in the engineering, construction, 
communications, manufacturing, and infrastructure sectors. Prior to his 
current role, he was executive vice president of Operations for Parsons 

Corporation, which supports markets such as infrastructure, environment and the federal 
government. He served in a variety of other senior positions at Parsons, including president of the 
concession business, vice president of strategy & development, and he led their technology 
business. 

Dean serves on two educational advisory boards at the University of North Carolina in Charlotte, 
one for accounting and another for science, technology, engineering and math (STEM). He has 
participated in charitable organizations that assist the underprivileged and has volunteered at a 
men’s rescue mission as a mentor/teacher.  

 He earned a Bachelor of Science degree in accounting from the University of North Carolina at 
Charlotte and an MBA from Emory University’s Goizueta Business School. Dean is a Certified 
Public Accountant in the state of North Carolina. 

He enjoys hiking, travelling and spending quality time with his wife and three sons. 
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Bashir Khoda, Ph.D. 
Assistant Professor 

Industrial and Manufacturing Engineering Department 
North Dakota State University 

Dr. Bashir Khoda is an Assistant Professor of Industrial and 
Manufacturing Engineering Department (IME), at the North Dakota State 
University (NDSU), Fargo, ND. He is also the research faculty for NSF 
funded Center for Sustainable Material Science and Affiliate Faculty of 
Biomedical Engineering Program at NDSU. He received his Ph.D. 
in Industrial and Systems Engineering from the University at Buffalo 
(SUNY) in Buffalo, New York. Prior, he earned M.Sc. and B.Sc. degrees 
in Industrial and Production Engineering (IPE) from Bangladesh 
University of Engineering and Technology (BUET), Bangladesh. 

Dr. Bashir is leading the Digital Manufacturing (DM) Research 
Laboratory at NDSU. His major research thrust is in the area of computational geometry, periodic 
and non-periodic lattice structure, manufacturable topology, novel process plan of printed 3D part, 
bio-CAD & manufacturing data architecture. His research work has been published in reputed 
journals like RPJ, JMP, CAD, RCIM, AM, Medical Device, Bio-fabrication, Biomechanical 
Engineering etc. 
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Parimal Kopardekar, Ph.D. 
Manager, Safe Autonomous System Operations Project 

NASA Ames Research Center 

Parimal Kopardekar (PK) serves as manager of the NASA’s Safe 
Autonomous System Operations Project. The goal of the project is to 
develop autonomy related concepts, technologies and architectures that 
will increase efficiency, safety, and capacity of airspace operations. Prior 
to that, he managed Next Generation Air Transportation Systems 
(NextGen) Concepts and Technology Development Project. He has 
published more than 40 articles. He enjoys initiating new concepts and 
technology ideas that increase airspace capacity and throughput, reduce 
delays, and reduce the total cost of air transportation. At NASA, he has 
initiated many innovative research projects including reduced crew 
operations, net-enabled air traffic management, autonomy for airspace 

operations, Shadow-Mode Assessment using Realistic Technologies for the National Airspace 
System (SMART NAS), and low-altitude airspace management system focused on Unmanned 
Aircraft Systems (UAS) operations. He is recipient of numerous NASA awards including 
Outstanding Leadership Medal and Engineer of the Year. He holds a doctorate and master’s 
degrees in Industrial Engineering and bachelor’s degree in production engineering.  
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Larry Loh, Ph.D. 
Director, Engineering Technology & Advanced Manufacturing 

Lockheed Martin, Space Systems Company 

Larry Loh was appointed Director, Engineering Technology & Advanced 
Manufacturing in March 2015 leading cross-discipline technical experts 
in further developing engineering technology by leveraging internal and 
external R&D work. He is also involved in the research and 
implementation of existing manufacturing technologies in all industries to 
produce hardware with reduced cost and enhanced performances for space 
and missile programs. In addition, he is also involved in developing rapid 
design methodologies employing data fusion and big data technologies.  

Previously, he served as the Director of Mechanical & Propulsion 
Analysis overseeing over 400 engineers at Lockheed Martin Space 

performing aerodynamic, fluid dynamic, mass properties, plasma, stress, thermal, structural 
dynamic, structural vulnerability, survivability, and multi-physics analysis and propulsion 
integration. He was also accountable for developing engineering processes, engineering tools, and 
personnel training supporting spacecraft and missile programs including support to hardware 
testing. 

He was also the Chief Engineer of the Advanced Technology Center, Senior Manager of 
Mechanical Design and Senior Manager of Mechanical Systems of commercial space programs. 
He joined Lockheed in 1990 and has held a succession of increasingly responsible technical and 
management positions. 

Before joining Lockheed Martin, Larry served as Staff Engineer for Engineering Information 
System, Inc.  He participated in the software development of finite element code for structural and 
thermal analyses. 

Larry has publications in journals and presented at professional conferences. He is the collaborator 
of the graduate textbook Structural Dynamics by Finite Elements published in 1987. He was a 
member of the Lockheed Martin industry team that taught graduate classes offered jointly by the 
Aeronautics and Astronautics and Mechanical Engineering departments at Stanford University. 

Larry earned his bachelor’s degree in civil engineering from the University of Hawaii, Master’s, 
Engineer’s, and Ph.D. degrees in civil engineering from Stanford University. He is a member of 
AIAA. 
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John C. Melcher, Ph.D. 
Liquid Propulsion Systems Engineering, Propulsion and Power Division 

NASA Lyndon B. Johnson Space Center 

Dr. Melcher is Liquid Propulsion Systems Engineer in the Propulsion and 
Power Division at NASA Johnson Space Center (JSC) in Houston, Texas. 
He has 17 years of engineering experience at NASA, including space 
shuttle main propulsion systems and LOX/Methane propulsion systems 
development.  He has tested liquid rocket engines at JSC, White Sands 
Test Facility, Stennis Space Center, and Plum Brook Station.  He earned 
his PhD at the University of Illinois at Urbana-Champaign and completed 
college at Baylor University in Waco, TX.  His current work focuses on 
thermal-vacuum ignition testing of LOX/methane reaction control 
engines for lunar landers. 
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Anthony Menn 
Technical Performance Lead 

Lockheed Martin, Energy 

Mr. Menn is the Technical Performance Lead for the Lockheed Martin 
Energy line of business, with 13 years of experience in systems 
engineering, technical leadership, and program management. He is 
currently responsible for engineering execution, mission success, and risk 
management across the Energy portfolio, as well as engineering 
performance on program capture and proposal efforts. In past roles, Mr. 
Menn was the program manager and technical lead for multiple air 
defense system contracts for the PAC-3 system, responsible for advanced 
hardware and software development programs to address emerging 
threats. Mr. Menn is a graduate of the LM Engineering Leadership 
Development Program and holds a B.S. in Aerospace Engineering from 

Texas A&M University, a M.S. in Aerospace Engineering from the Georgia Institute of 
Technology, and an MBA from the University of Texas. 
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John H. Scott 
Chief Technologist, Propulsion and Power Division 

NASA Lyndon B. Johnson Space Center 

John H. Scott serves as Chief Technologist for the Propulsion and Power 
Division at NASA Johnson Space Center, where he is responsible for 
advancing the technology needed by Human Spaceflight in in-space 
propulsion, power generation, energy storage, pyrotechnics, and 
Lunar/Planetary In-situ Resource Utilization. After beginning his 
aerospace career in propulsion at TRW, Mr. Scott has served at JSC for 
over twenty five years in engineering and project management positions 
in support of the Space Shuttle, International Space Station, and various 
Human Exploration programs. Mr. Scott is a published author on 
spacecraft fuel cell and nuclear power technologies. He holds a BSME 
from Rice University and an MSME and MBA from UCLA. 
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Mahesh Subramanya, Ph.D. 
Principal Engineer - Heat Transfer [Fired Equipment] 

Mechanical Facilities Group 
Wood Group 

Dr. Mahesh Subramanya is a Principal Engineer in the Mechanical 
Facilities Group in Houston, Texas.  He is the Subject Matter Expert for 
Fired Equipment [heaters, flares, thermal oxidizers, Waste Heat Recovery 
Units etc.] in Refineries, Oil and Gas, and Chemical plants applications. 
He supports Offshore and Onshore projects. Dr. Subramanya has 
supported numerous green and brownfield projects and is consulted for 
technical recommendations and site / plant visits related to fired 
equipment. 

Dr. Subramanya graduated with his Ph.D. from The University of Texas 
at El Paso, Texas, in 2007 and since then is working in the Oil and Gas 

industry in Houston. Dr. Subramanya has also worked as a Six Sigma Black Belt at Construction 
Module Yard in Thailand.  

In addition to his full-time job Dr. Subramanya is passionate in participating / advancing in the 
Energy sector - both renewables and conventional energy resources. Dr. Subramanya is interested 
in addressing the energy needs / demands, and associated environmental concerns. 
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AEROSPACE & DEFENSE TOWN HALL PRESENTATION 

Aerospace & Defense Town Hall 
Moderator: Dr. Ahsan Choudhuri, UTEP 

AV Theater 
Wyndham El Paso Airport 

8:00 am  

Douglas Deason, Ph.D.  
Director, Advanced Research  
Missile Defense Agency 
Title: Advanced Technology: Driving Technology Innovation for 
the Future of Missile Defense   

8:30 am 

Nick Gonzales 
THAAD Chief Engineer 
Lockheed Martin, Space Systems Company 
Title: The Frontiers of Aerospace 

PARALLEL TECHNICAL SESSION I 

Session 1-A: Additive Manufacturing I 
Session Chair: Dr. Bashir Khoda, NDSU 

Room: Willow 
Wyndham El Paso Airport 

9:20 am                             1A-1 

Design and Fabrication of an In-Situ Temperature 
Monitoring System for Approximating Actual Surface 
Temperature in Laser Powder Bed Fusion Process 
S. Z. Uddin, A. Fernandez, and R. B. Wicker, UTEP 

9:40 am               1A-2 
Integrating Electrical Circuit Designs into Fusion 360 
J. Perez, C. Tafoya, J. L. Coronel Jr., R. B. Wicker, and D.
Espalin, UTEP

10:00 am                           1A-3 

Thermal and Electrical Insulation Response of 3D Printed 
and Wire Embedded Parts 
K. M. M. Billah, J. L. Coronel Jr., L. Gutierrez, R. B. Wicker,
and D. Espalin, UTEP

10:20 am               1A-4 

Hexagonal Demonstration for Two Plane Wire Embedding 
Interconnections and Electronic Functionality 
D. D. Kelly, S. A. Barraza, J. L. Coronel Jr., R. B. Wicker, and
D. Espalin, UTEP

10:40 am               1A-5 

High-Temperature Environments for Additive 
Manufacturing of Thermoplastics 
L. I. Gutierrez Sierra, J. L. Coronel Jr., K. M. M. Billah, R. B.
Wicker, and D. Espalin, UTEP

Session 1-B: Unmanned Aerial Vehicle I 
Session Chair: Dr. Angel Flores-Abad, UTEP 

Room: Oakwood 
Wyndham El Paso Airport 

9:20 am               1B-1 
Superpixel Segmentation for Hyperspectral Unmixing Using 
the VCA 
J. Yi and M. Velez-Reyes, UTEP

9:40 am                           1B-2 
Low-Cost High-Endurance Solar-Powered Unmanned 
Aerial Vehicle 
J. Rosales and A. Gross, NMSU
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PARALLEL TECHNICAL SESSION I (CONT.) 

Session 1-C: Aerospace and Defense I 
Session Chair: Dr. Michael Everett, UTEP 

Room: Rosewood 
Wyndham El Paso Airport 

9:20 am               1C-1 
Can Magnetic Propulsion Reach the Moon?  
D. Dominguez, W. Galvan, A. Ochoa, and M. Everett, Burges
High School & UTEP

9:40 am               1C-2 
Design of the CROME 500 lbf Engine Module 
E. Adame, J. Beard, R. Miranda, M. Pinon, M. Chaidez, J.
Adams, and A. Choudhuri, UTEP

10:00 am                          1C-3 Lander CubeSat: The Anchoring Mechanism 
A. Corral, H. Lugo, A. Flores, and A. Choudhuri, UTEP

10:20 am               1C-4 
Design Development of 3U Poly-Picosatellite Orbital 
Deployer  
P. Pérez and A. Choudhuri, UTEP

10:40 am               1C-5 Design Iterations within 1U Chassis 
H. Echeverria, P. Pérez, and A. Choudhuri, UTEP

Session 1-D: Aerospace and Defense II 
Session Chair: Jason Adams, UTEP 

Room: Acacia 
Wyndham El Paso Airport 

9:20 am               1D-1 
Development of Cube Satellite Avionics Systems for 
Engineering Focused Classrooms  
A. Belmontes, M. Everett, and A. Choudhuri, UTEP

9:40 am               1D-2 
Development of CubeSat (OBC) Modules for Educational 
Engineering Environments 
A. E. Rivas, M. Everett, and A. Choudhuri, UTEP 

10:00 am                           1D-3 
Development of Concentual Model of a 3U CubeSat for LEO 
R. Chacon, A. Carrasco, D. Antillon, B. Ascencio, A. Pasaret, E.
Soto, A. Khan, and A. Choudhuri, UTEP

10:20 am               1D-4 Mechanical Design of a CubeSat Lander 
O. Ruiz, M. F. Lara, A. Flores, and A. Choudhuri, UTEP

10:40 am               1D-5 Software Development and Testing for 1U CubeSat 
N. Habib, A. Flores-Abad, and M. Everett, UTEP
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9:20 am               1E-1 

Design of a 2U CubeSat that Includes a Robotic Arm for the 
Collection of a Small Sample from an Asteroid 
M. I. Palacio, C. Dominguez, J. E. Regis, S. Griffin, A. Flores-
Abad, and A. Choudhuri, UTEP

9:40 am               1E-2 

Novel Design Methodologies Applied to CROME: 500 lbf 
LOX/LCH4 Engine: Topological Optimization and 
Generative Design 
S. Wilkins, H. Perez, C. Simmons, and J. Chessa, UTEP

10:00 am               1E-3 
Design of a Ground Station Network for University Small 
Satellite Missions 
A. Rahman, M. Everett, and A. Choudhuri, UTEP

10:20 am               1E-4 

Verification, Validation and Performance Testing of 
Communication Subsystem of Cube Satellite  
Md. A. Sarker, A. Rahman, M. Everett, A. Khan, A. Flores-
Abad, and A. Choudhuri, UTEP 

10:40 am               1E-5 
Development of a Sample Collecting End-Effector Tool for a 
CubeSat Robotic Arm Module  
J. E. Regis, N. Habib, A. Flores-Abad, and A. Choudhuri, UTEP 

Session 1-F: Unmanned Aerial Vehicle II 
Session Chair: Dr. Michael McGee, UTEP 

   Room: Orchid 
              Wyndham El Paso Airport 

9:20 am               1F-1 

Identifying the Abundance of Semi-Arid Land-Cover Types 
from Satellite Imagery Using Multiple Endmember Special 
Mixture Analysis in TX, NM, and OK  
J. Ceniceros, I. Eibedingil, and T. Gill, UTEP

9:40 am               1F-2 
Exhaustive Search of Mobile Smart Targets Using 
Cooperative Unmanned Aerial Vehicles  
D. Brown and L. Sun, NMSU
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Research  
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Justin Vanhoose 
Ph.D. Research Associate 
NASA MIRO Center for Space Exploration and Technology 
Research  
The University of Texas at El Paso 
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Moderator: Dr. Oscar Salcedo, UTEP 

Room: Orchid 
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10:00 am 
Douglas Deason, Ph.D. 
Director, Advanced Research 
Missile Defense Agency 

Unmanned Traffic Management Session  
Moderator: Dr. Michael McGee, UTEP 
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10:00 am 

Parimal Kopardekar, Ph.D. 
Manager 
Safe Autonomous System Operations Project 
NASA Ames Research Center 
Title: Unmanned Traffic Management Systems 
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Chief Technologist 
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NASA Lyndon B. Johnson Space Center 
Title: NASA’s Development of Power Technology: for the 
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11:20 am 

Dean Harwood 
President 
Strategy and Development 
Wood Group 
Title: Introduction to Wood 

11:40 am 

Anthony Menn 
Technical Performance Lead  
Lockheed Martin, Energy 
Title: Lockheed Martin Energy: An Overview 

AEROSPACE FORUM 

Aerospace Forum 
Moderator: Dr. Michael Everett, UTEP 

Room: AV Theater 
Wyndham El Paso Airport 

1:00 pm 

Larry Loh, Ph.D. 
Director 
Engineering Technology & Advanced Manufacturing 
Lockheed Martin, Space Systems Company 
Title: Lockheed Martin Space Overview  
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John C. Melcher, Ph.D. 
Liquid Propulsion Systems Engineer 
Propulsion and Power Division 
NASA Lyndon B. Johnson Space Center 
Title: LOX/Methane Propulsion for Spacecraft: Overview of 
Recent Testing at NASA Johnson Space Center 
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Mark Alberding 
Energy Line of Business Technology Lead 
Lockheed Martin, Energy  
Title: Lockheed Martin Energy: Innovation in Energy 
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Mahesh Subramanya, Ph.D. 
Principal Engineer – Heat Transfer 
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Wood Group  
Title: An Insight to Engineering Applications in the Oil & Gas 
Industry  

EARLY CAREER INVITED TALKS 

Early Career Invited Talks 
Moderator: Dr. Cesar Terrazas, UTEP 
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2:30 pm 

Bashir Khoda, Ph.D. 
Assistant Professor 
Department of Industrial and Manufacturing Engineering 
North Dakota State University 
Title: Performance Driven Cellular Architecture with 
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3:00 pm 

Akshay Gopan, Ph.D. 
Chemical Engineer 
Department of Energy, Environmental, and Chemical 
Engineering 
Washington University in St. Louis 
Title: Staged, Pressurized Oxy-Combustion Process a Means 
to Reduce Efficiency Penalties and Cost for Carbon Capture 
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Session 2-A: Additive Manufacturing II 
Session Chair: Dr. Methaq Abed, UTEP 
Co-Chair: Dr. Mohammad Shojib Hossain, UTEP 

Room: Willow 
Wyndham El Paso Airport 

3:30 pm              2A-1 

Porosity Reduction and Reinforcement of FDM Printed 
Polycarbonated Using Continuous Carbon Fiber 
M. N. Jahangir, K. M. M. Billah, J. L. Coronel Jr., Y. Lin, D. A.
Roberson, R. B. Wicker, and D. Espalin, UTEP

3:50 pm              2A-2 

Fabrication and Characterization of PVDF/Photopolymer 
Resin Composites for Piezoelectric Pressure Sensing 
Application Using Stereolithography 3D Printing 
H. Kim, L. Delfin, L. A. Chavez, and Y. Lin, UTEP

4:10 pm              2A-3 

Tuning of Mechanical and Electrical Properties of 3D Printed 
CNT-Photopolymer Nanocomposites Through In-Situ 
Dispersion 
J. E. Regis, L. A. Chavez, L. C. Delfin Manriquez, and Y. Lin, 
UTEP 

4:30 pm              2A-4 

Aluminum Nitride 3D-Printing Ceramic Material by Additive 
Manufacturing Process 
C. A. Díaz Moreno, C. I. Rodarte, S. Ambriz, D. Espalin, Y. Lin,
and R. B. Wicker, UTEP

4:50 pm              2A-5 

Autorouting Electronic Components in Hybrid Additive 
Manufacturing  
C. Tafoya, J. Perez, J. L. Coronel Jr., R. B. Wicker, and D.
Espalin, UTEP

5:10 pm              2A-6 

Impact of BAAM-Specific Process Parameters on Printed 
Micro- and Macrostructures  
X. Jimenez, K. Schnittker, J. L. Coronel Jr., D. Roberson, R. B.
Wicker, and D. Espalin, UTEP

5:30 pm              2A-7 
A Review on Quality Control in Extrusion-Based 3D Printing 
Technology  
H. Kim, A. Renteria-Marquez, Y. Lin, and T. Tseng, UTEP
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Session Chair: Mireya Perez, UTEP 

Room: Oakwood 
Wyndham El Paso Airport 

3:30 pm                                             2B-1 

Development of High Vacuum System to Verify the Space 
Durability of Embedded System  
S. Esquer, D. Kelly, J. L. Coronel Jr., A. Khan, D. Espalin, and 
A. Choudhuri, UTEP 

3:50 pm                                             2B-2 Trajectory Generation for a Soft Landing on an Asteroid 
R. Valenzuela, A. Flores-Abad, and L. Everett, UTEP 

4:10 pm                                             2B-3 Orbial Factory II Qualification Testing 
H. Lugo, H. Echevarria, and A. Choudhuri, UTEP 

4:30 pm                                             2B-4 
Front End Control Design and Analysis of the Gimbaled 
2000lb CROME-X Rocket Engine for the Janus Vehicle 
A. Boyea, K. Fehr, D. Orozco, H. Pariente, and J. Chessa, UTEP 

4:50 pm                                             2B-5 
Combustion Synthesis of Silicon for Thermoelectric 
Applications 
S. Cordova, R. I. Mesta, and E. Shafirovich, UTEP 

5:10 pm                                             2B-6 
Combustion Joining of Regolith Tiles for In-Situ Fabrication 
of Launch/Landing Pads  
R. Ferguson and E. Shafirovich, UTEP 

5:30 pm                                             2B-7 
Actuation System for a LOX/LCH4 Rocket Engine Water 
Testing 
L. Hernandez, A. Choudhuri, and J. Chessa, UTEP 

Session 2-C: Aerospace and Defense V – ITAR 
Session Chair: Jason Adams, UTEP 

                                                                            Room: Rosewood 
Wyndham El Paso Airport 

3:30 pm                                             2C-1 
Kinetic Study on the Decomposition of Hydroxyethylhydrazine 
(HEH) and 2-Hydroxyethylhydrazinium Nitrate (HEHN) 
A. Esparza, N. D. Love, A. Choudhuri, and E. Shafirovich, UTEP 

3:50 pm                                             2C-2 

Catalyitc Effects of Inert Particles  on the Two-Phase 
Combustion Behavior Of Aqueous HAN Monopropellant 
J. C. Thomas, G. D. Homan-Cruz, J. M. Stahl, and E. L. Petersen, 
TAMU 

4:10 pm                                             2C-3 

Determination of Kinetics by Thermoanalytical Methods of 
Hydroxyethylhydrazine (HEH) and  
2-Hydroxyethylhydrazinium Nitrate (HEHN) 
A. Esparza, N. D. Love, A. Choudhuri, and E. Shafirovich, UTEP 

4:30 pm                                             2C-4 

Orbital Factory X: Design of a 2U Cubesat Propulsion 
Module Integrating Mcat Electric Propulsion Thrusters and 
Green Propelant Thrusters 
J. M. Mejia, J. Valenzuela, N. Jurado, N. D. Love, and A. 
Choudhuri, UTEP 

4:50 pm                                             2C-5 
Development of an Iridium Catalyst for the Decomposition of 
a Green Monopropellant Used for Low Thrust Application 
J. M. Mejia, A. Vazquez, R. A. Cuevas, and N. D. Love, UTEP 

5:10 pm                                             2C-6 
Regression Rate of a HTPB Fuel Grain Using HAN-Based 
Monopropellant Decomposition Gases  
N. Perea, J. Vanhoose, and N. D. Love, UTEP 

5:30 pm                                             2C-7 
Development of Monolithic Constitutive Model for Additive 
Manufacturing (AM) Processes  
H. Perez and J. Chessa, UTEP 
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Session 2-D: Aerospace and Defense VI 
Session Chair: Dr. Michael Everett, UTEP 

Room: Acacia 
Wyndham El Paso Airport 

3:30 pm              2D-1 Data Acquisition System for Engine Testing 
J. Chaparro, A. Lopez, D. Ott, R. Rojo, and A. Choudhuri, UTEP

3:50 pm              2D-2 
Instrumentation and Hardware for the Ground Propellant 
System  
E. Gutierrez, G. Ramirez, S. Torres, and A. Choudhuri, UTEP

4:10 pm              2D-3 
Real-Time Labview Control System of a Rocket Propulsion 
Test 
D. Ott, R. Rojo, and A. Choudhuri, UTEP

4:30 pm              2D-4 

Structural Design of Thrust Measurement System for 
Cryogenic Rocket Engines 
A. Moreno Tarango, J. Adams, M. Chaidez, and A. Choudhuri,
UTEP

4:50 pm              2D-5 
Tank Stand Design for LOX/LCH4 Rocket Engine Test Fire 
R. Pilgrim, M. Chaidez, J. Adams, J. Chessa, and A. Choudhuri,
UTEP

5:10 pm              2D-6 
Design and Experimental Approach for the Development of a 
LOX/LCH4 Reaction Control Engine 
S. Torres, D. Ott, and A. Choudhuri, UTEP

5:30 pm              2D-7 
Mechanically Activated Combustion Synthesis of Niobium 
Silicide 
R. Treviño, E. Maguregui, and E. Shafirovich, UTEP

Session 2-E: Energy & Emerging Technologies  I 
Session Chair: Dr. Akshay Gopan, WUSTL 
Co-Chair: Dr. Paras Mandal, UTEP 

Room: Poplar 
Wyndham El Paso Airport 

3:30 pm                        2E-1 
Energy Modules Integration for Engineering and Science 
Education in K-12 Classrooms 
J. E. Santiesteban, Y. Lin, L. Echgoyen, and N. D. Love, UTEP 

3:50 pm               2E-2 

Thermodynamic Analysis of TIPS and ENEL Power Cycle at 
Varying Recirculation Ratios 
Md. M. I. Khan, M. Chowdhury, A.S.M. Arifur Chowdhury, A. 
Choudhuri, and N. D. Love, UTEP 

4:10 pm               2E-3 Multi-Agent System for Microgrid Energy Management 
J. Castro and P. Mandal, UTEP

4:30 pm               2E-4 

Design and Experimental Demonstration of a High Pressure 
Oxy-Methane Combustor 
A. Rios, A.S.M Arifur Chowdhury, J. Aboud, and N. D. Love,
UTEP

4:50 pm               2E-5 Design of Pintle Injector for an Oxy-Coal Combustor 
J. G. Aboud and N. D. Love, UTEP 

5:10 pm               2E-6 
Transactive Control for Energy Storage Dispatch in 
Microgrids 
E. Galvan and P. Mandal, UTEP

5:30 pm               2E-7 

Characterization of Thermal Energy Harvesting Using 
Pyroelectric Ceramics at Elevated Temperatures 
L. A. Chavez, F. O. Zayas Jimenez, B. R. Wilburn, L. C. Delfin,
H. Kim, N. D. Love, and Y. Lin, UTEP
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3:30 pm               2F-1 
Kinematic Analysis of the Landing of a Carbon Fiber 
Composite Strut Used for a CubeSat Landing System 
M. Lara, O. Ruiz, A. Flores, and A. Choudhuri, UTEP

3:50 pm               2F-2 

Regional Weather Modeling for Paso Del Norte Using WRF: 
Validation and Optimization Using Radiosonde and MetOp 
Satellite Data  
S. Mahmud, R. Fitzferald, and D. Lu, UTEP

4:10 pm               2F-3 

An Accelerated Creep Testing (ACT) Program for Advanced 
Creep Resistant Alloys for High Temperature Fossil Energy 
(FE) Applications 
A. Haynes, D. Zamorano, R. Mach, and C. Stewart, UTEP

4:30 pm       2F-4 
Identification of Creep Strain Constants and Accurate Model 
Fits Using Numerical Optimization Software 
R. Vega, J. Perez, and C. Stewart, UTEP

4:50 pm               2F-5 
Heat Transfer Model in ANSYS Aim for Heating Element 
(BaTiO3) on a Hair Straightener  
D. Ramirez, P. Hernandez, Y. Gomez, and J. Chessa, UTEP

5:10 pm               2F-6 
Increasing the Pressure Tolerance Limit of a Plate Heat 
Exchanger 
J. Brown, B. Scheffe, D. de Alwis, and S. Azzouz, MWSU

5:30 pm               2F-7 
Kinematic Analysis and Hydraulic Integration of a 
Mechanical Four-Bar Prosthetic Knee 
L. Aranda, L. Galey, and R. González, UTEP
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ABSTRACT 

There are many tools and software that help with additive manufacturing, such as CAD 

modeling software and circuit design software. Currently, the 3D model design and the 

electronic circuitry design are created separately, and then integrated after manufacturing. 

However, there is no software that supports the integration of electronic schematic files into 

the CAD environment. The amalgamation of these two processes allows for a clear view of 

how the circuitry will fit into the model. The presented work introduced the flexibility of 

making changes and expediting the design process by automatically creating cavities into the 

model that will perfectly fit the desired electronic components. This was accomplished 

through the use of custom add-ins in Autodesk Fusion 360 software, with the use of 

schematic files created using Autodesk EAGLE. The add-ins are discussed, as well as the 

challenges with integrating the two software. 

 

1. Introduction 

The design and creation of 3D electronic devices has been made possible through the use of 

hybrid additive manufacturing, the process of interrupting 3D printing to perform another 

process. Currently, the design of 3D models with embedded electronic components requires 

manual changes to a solid model, due to the lack of software that can automatically create 

cavities for the placement of electronic components. A need was identified for software that 

allows the embedding of a circuit into a CAD model [1]. By doing so, the time required for 

modeling and circuit designing is reduced, while also allowing “a high degree of 

miniaturization” [2]. This process was performed in three steps: 1) extracting information 

from an EAGLE schematic file, 2) parsing through the information to obtain characteristics 

of the electronic components, and 3) drawing the electronic components using the parsed 

information. 

 

2. Methodology 

Autodesk EAGLE schematic files possess the file extension “.sch”, but were formatted to act 

as XML files, allowing for easy navigation. To extract electronic circuitry component 

information, an EAGLE schematic file was required for each custom components. Before 

each schematic was created, a custom library was assembled. In the custom library, each 

component to be used in the schematic needed to have its outline traced in a unique layer. 

This layer was used for extracting the valuable information from the schematic file. Each 

component also needed to have a height attribute added, that described the height of the 

INTEGRATING ELECTRIC CIRCUITRY DESIGNS INTO FUSION 360 
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component itself. Once the custom library was created, the schematic file was drawn using 

the custom components, and connecting each of them into the final circuit. 

 

In Fusion 360, a 3D model was designed on which a range of components would be placed 

on. Once the model was created, a construction plane was added to the model, used to 

determine where the components were going to be placed on the model. Once that was 

complete, the custom add-in was called from the Add-Ins section of Fusion 360. 

 

In the Fusion 360 API, Python was one of the main programming languages used for creating 

custom add-ins. A custom Graphical User Interface (GUI) was created for the integration of 

electrical circuitry into Fusion 360. In the GUI, a function was utilized that allowed for the 

selection of multiple EAGLE schematic files, as seen in Fig.1. For each component, it parsed 

through, extracting component dimensions using its unique layer, along with each 

component’s pin information, and the circuit’s netlist. 

 

 
Fig.1. Fusion 360 design environment for automatic generation of electronic component 

cavities 

 

Once the parser was completed, a second part of the GUI opened that allowed the user to 

select the construction plane on which each component would be placed. The user was able to 

select construction planes equal to the number of schematic files selected on the first step, as 

seen in Fig.2. 



 

 

 
Fig.2. Window that allowed the selection of construction planes 

 

Once the construction planes for each component were selected, the press of a button would 

enable the sketching function to initialize. This function sketched each of the components as 

they appeared in the schematic file, making cavities according to the height attribute each 

component possessed. 
 

3. Results 

 

To demonstrate the capabilities of the developed software tool, an EAGLE schematic file was 

designed along with a Fusion 360 model.  Fig.3 shows the results of the custom add-in with 

the use of the EAGLE schematic and how it was superimposed onto the 3D model. Fig.4 

shows the cavities that were created as a result of executing the add-in. Each cavity was made 

using the height attribute provided in the EAGLE schematic file. Fig.5 portrays the ability to 

move and rotate components if their initial position was unsatisfactory, along with the 

corresponding cavity. In this demonstration, the length of time to process every step between 

initializing the add-in to its completion was approximately one minute. 



 
 

Fig.3. a) EAGLE schematic used for demonstration, b) results of the custom add-in on a 3D 

model in Fusion 360, c) component sketches 

 

 

 

 

 
Fig.4. Screen capture of the cavities automatically generated as a result of the custom add-in 

 

a) 

b) c) 



 

 

 
Fig.5. Screen capture of the ability to move and rotate components after they are placed and how 

their corresponding cavities move with them 

 

4. Conclusion 

 

The benefit of this custom add-in was that it allowed for the precise creation of cavities for 

circuit components, rather than manually introducing them on the 3D model. Automating 

cavity creation significantly reduced the time spent on design iterations. The add-in also 

allowed for the rearrangement of the cavities to better fit the 3D model. 
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ABSTRACT 

A well-developed additive manufacturing (AM) system, the Foundry Multi3D System, 

showcases technological advancement through the fabrication of electrically functional 3D 

printed parts at the W.M. Keck Center for 3D Innovation. In recent time, the reliability of 3D 

printed electronic components was determined sufficient for commercialization, as well as for 

high volume production. Testing methods of 3D printed parts have evolved with the 

maturation of the FDM process, now it is essential to perform some electrical and thermal 

testing to ensure electrical insulation and heat dissipation capabilities. To determine the 

electrical and thermal behavior of the 3D printed electronic components, small coupon level 

testing was conducted. HiPot testing was performed on rectangular polycarbonate (PC) 

coupons with either one, two, or three embedded copper wires, to obtain breakdown strength 

measurements using AC and DC voltage. It was found that the one-wire coupons possessed 

the highest breakdown strength. The two and three-wire coupons showed very similar results 

to one another, both possessing a lower breakdown strength than the one-wire. Thermal 

testing of wire embedded coupons was performed before and after the coupons were exposed 

to a heat treatment. The PC coupons were heated above their glass transition temperature to 

investigate the heat dissipation. 

1 Introduction 

The motivation of this research was to identify the potential opportunity for future expansion 

of the wire embedding technology with AM, as well as the fabrication of electromechanical 

components and devices. This work presents results obtained from testing specimen 

fabricated by embedding bare copper wire into a thermoplastic substrate. Characterization of 

the embedded parts allowed for identification of future applications of wire embedding 

technology, pertaining to power electronic component fabrication. As such, this article 

neither fabricates a specific component of any electrical device, nor compares the 

performance with existing parts. However, results will provide some basic guidelines for 

fabrication and characterization. To better understand the current fabrication process, 

background information was provided herein. For the fabrication process, the Foundry 

Multi3D System was utilized, as it contained the ability to “pause and go” in its build 

sequence. “Pause and go” refers to the ability to interrupt the build process to perform 

secondary processes such as wire embedding, machining, etc. The Multi3D System consisted 

of a six-axis robotic arm, two polymer extrusion 3D printers, and a CNC Router with a wire 

embedding tool [1]. This work leveraged the “pause and go” capabilities of the Multi3D 

System and utilized its multiple manufacturing stations to fabricate sets of wire embedded 

test coupons. The key parameters of power electronic component characterizations, are hipot 
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testing, insulation testing and thermal management. High potential electrical stress testing is 

referred to as hipot testing [2]. For power electronics and embedded electronics applications, it 

is essential to test the ability of a specimen to withstand a high voltage within a short period 

of time. Thermal management is also a key parameter, as it is paramount for safe operation, 

that conditions do not generate an environment beyond the material’s operating temperature. 

Therefore, thermal testing on 3D printed parts needed to be performed to determine the 

thermal management. The thermal testing of wire embedded coupon was conducted using a 

similar test setup to ASTM D5470[3]. 

2 Fabrication 

For testing and characterization purposes, three sample sets of wire embedded coupons were 

fabricated. Each sample set had either one, two, or three wires embedded within each 

specimen. The 3D printing was accomplished by using the Foundry Multi3D System briefly 

described here. The Multi3D System consists of an industrial MH50 six-axis robot (Yaskawa 

Motoman, Miamisburg, OH, USA), two production-grade Fortus 400mc fused deposition 

modeling (FDM) machines (Stratasys, Eden Prairie, MN, USA) and a LC 3024 CNC 

machine. Fig.1. demonstrates the wire embedding process. Embedding occurred during a 

pause inserted within the 3D printing process in which the platform was removed from the 

printer and placed on the CNC router via 6-axis robot. After finishing the wire embedding, 

the build platform was taken into the FDM machine where material was extruded to fully 

embed the wire and complete the 3D printed coupon.  

 
Fig.1. Fabrication of 3D printed and wire embedded coupon 

3 Result 

3.1 AC and DC HiPot Testing 

AC and DC hipot testing were performed, not to determine the dielectric strength of PC 

material, but to provide information about the limiting operational voltage in a real 

application. Fig.2. presents the average breakdown strength from five measurements on each 
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Fig.2.AC High potential testing result of wire embedded coupons 



 

 

set of 3D printed, wire embedded coupons during the AC hipot testing. The measured 

breakdown strength for one-wire specimen was within the range of 4 kV to 4.8 kV. For two-

wire specimen, the range was between 2 kV to 2.8 kV, and for three-wire, the range was 2.3 

kV to 2.6 kV. It was expected that breakdown strength of 3D printed wire embedded coupons 

would decrease with increasing the number of wires. In DC hipot testing, all the specimen 

passed the 5-kV test. Therefore, it can be concluded that PC materials and bare copper wire 

can be used for embedded electronic components for low voltage power electronic 

applications (500V). 

3.2 Thermal testing 

Heat treatment of the wire embedded coupons, where the coupons were heated above PC’s 

glass transition temperature (165°C), resulted in an enhancement of heat dissipation by 

reducing the porosity within the 3D printed specimen. In Fig.3., before heat treatment, the 

maximum temperature obtained when thermal testing was 42°C. After heat treatment above 

glass transition temperature, and identical experimental conditions, the maximum 

temperature was 59°C. Therefore, the heat-treated sample had higher heat transfer capability 

as compared to non-heat-treated coupon. Also, it is important to mention that there was 

dimensional accuracy in the coupons at 165°C, while at 185°C, a significant amount of 

dimensional inaccuracy was found in length, width, and thickness. 

 
Fig.3. Average temperature profile of 3D printed and wire embedded coupons  

4 Conclusion 

3D printed and wire embedded coupons were fabricated in the Foundry Multi3D System, to 

simulate the electrical insulation and heat dissipation of functional electrical components. 

Electrical stress at 5-kV ensured that polycarbonate can be used as a material for electronic 

component fabrication in low voltage applications. Thermal testing of wire embedded coupon 

before and after heat treatment, demonstrated that reduced porosity can enhance heat 

dissipation. Therefore, this research could be a useful guideline for future 3D printed 

electronic component fabrication and characterization. 
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ABSTRACT 

Additive manufacturing allows for complex geometry Computer Aided Design (CAD) models to 

be constructed, with additional processes such as wire embedding, machining, and foil embedding 

to add functionality. In the CAD models, wire embedding paths are created and translated into a 

G-code file for use on a Computer Numerical Control (CNC) router. Using a modified wire 

embedding extension on an ultrasonic welder, wires were ultrasonically embedded into a polymer 

substrate printed on a fused deposition modeling (FDM) printer, that utilized material extrusion 

AM technology [1]. Electronic components (LED’s, microprocessors, temperature sensors, 

resistors, capacitors, voltage regulators, and micro USB’s) were placed in pre-designed cavities 

within the substrate and connected with the embedded wires. A Nickle-Chromium (Nichrome) 

wire was embedded such that it was heated with current, and a temperature sensor could read the 

temperature. This triggered a change in color of an embedded LED that correlated to the change 

in temperature.   

1.0 Introduction 

Additive manufacturing (AM) continues to develop as a significant participant in the 

manufacturing industry [2]. With innovative tool development, wire embedding has given AM 

structures enhanced functionality, as it allows for circuits to run directly on the printed part. The 

W.M. Keck Center for 3D Innovation, located in the University of Texas at El Paso (UTEP), 

houses the Foundry Multi3D System, shown in Fig.1. The system was utilized for the completion 

of the presented work. The Multi3D System was composed of two Fused Deposition Modeling 

(FDM) printers, a Techno CNC Router, and a Yaskawa Motoman MH50 six-axis robot. 

The Yaskawa Motoman MH50 robot material handler transferred the portable build platform that 

interfaced with all manufacturing stations (printers and router). The CNC possessed a wire 

embedding tool that had the capability to embed copper wires into substrates fabricated by the 

FDM printers. To illustrate the novel capabilities, a 3D printed electronic demonstration was 

designed and fabricated on the Multi3D System. The hexagonal panel utilized FDM for the 

fabrication of its substrate. Electronic components included an embedded microcontroller, 



temperature sensor, LEDs, resistor, voltage regulator, micro USB port, and both copper and 

nichrome wires. 

2.0 Functionality  

2.1 Purpose 

A thermal demonstration for the Air Force Research Laboratory (AFRL) was designed to 

determine the temperature of an embedded Nickel-Chromium (Nichrome) wire. Electronic 

components were added to the printed substrate with embedded copper wire connecting them to 

complete the circuit. A temperature sensor was used to read a range of temperatures through the 

coding script, processed via the MSP43OG2553 microcontroller. The temperature change was a 

result of the flow of current through the embedded nichrome wire. To determine the possibility of 

functioning embedded circuits on multiple planes, preliminary tests were made to fabricate two 

planes of wires and interconnect them all while on a single printed substrate.    

2.2 Strategy 

The approach toward producing 3D printed structures with electronic functionality was improved 

throughout this project. Several iterations of a wire embedding tool were tested, with the ultrasonic 

welding tool yielding the most successful results. This embedding method resulted in well-

embedded parts with minimum thermal damage to the printed substrate. Wire embedded paths 

were simplified to reduce the amount of intersecting wire paths, also to reduce potential defects to 

the substrate that often occurred with the addition of copper wires into the printed surface.  

During the slicing process for the printing of the panel, Stratasys’ Insight software was used to 

introduce pauses at designated layers for wire embedding and electronic component placement. At 

Fig.1. Foundry Multi3D System 
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CNC motion system 
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these pauses, the custom build platform was 

removed from the Fortus 400mc printer by the 

Motoman MH50 robot arm[3] and placed into the 

CNC router system, where the wire embedding 

occurred.  

2.3 Manufacturing 

When the build plate was placed on the CNC, the 

tool had to be zeroed in reference to the print. The 

X and Y axes were calibrated with the reference part 

on the lower left corner of the sample. The zeroing 

of the tool on Z can be performed several ways. In 

this particular project, the zeroing of the tool was 

done by gauging the distance between the tip of the 

ultrasonic tool and the surface of the substrate. Once 

the tip of the tool came in contact with the substrate, 

the tool was set to Z-zero.  

A G-code for the wire embedding circuit path was generated from a 3D Sketch made on the CAD 

model. Then, the model was run through a custom software developed for the Multi3D System that 

generated a reference part, and G-code containing embedding traces. The G-code initiated the 

ultrasonic horn before wire embedding began and terminated the vibrations once the trace was 

finished. The code provided precise wire embedding paths for the substrate.   

Before wire embedding on the first layer, copper foil was adhered to the solder cavities; meant to 

ensure continuity between layers. The solid 24 AWG copper wire was fed through the wire channel 

at the tip of the embedding horn. Initially, the wire was held in place to ensure the wire was staked 

into the surface of the substrate. The tool setup can be seen in Fig.2. 

Once the embedding process was complete, the custom build platform was then moved back into 

the Fortus 400mc, using the Yaskawa robot arm. The same process was repeated for the second 

layer of wire embedding. Continuity was tested to ensure that the multi-layer circuit was 

functional. Fig.3 shows the fully functioning geometry with electronic capabilities and the CAD 

model at the designated pauses. 

 

  

Ultrasonic horn 

Wire-feeding 
orifice First layer substrate 

Copper foil 

Fig.2. Ultrasonic embedder set up 



3.0 Conclusion 

The addition of a wire embedding tool amplifies the capabilities that can be implemented to the 

AM process. Results showed that electronics can be added into 3D printed structures, giving them 

an electronic function, aside from their traditionally limited mechanical function. The introduction 

of an ultrasonic tool was determined to be the most effective and efficient way of wire embedding 

circuits. The tool left no traces of melted thermoplastic, consequently leaving no ridges that 

disrupted the quality of the print. Fig.4 shows a fully functioning 3D printed satellite panel with 

electronic capabilities. The demonstration successfully served its purpose – to determine the 

temperature of a Nichrome wire as a current was applied to it. The demonstration made for the Air 

Force Research Laboratory has provided a focus on 3D printed electronics, and the anticipated 

goals for upcoming collaborative and domestic projects. 

  

Fig.3. Shows the color display of the demonstration from cold to hot 

T > 31 °C T = 26 - 30 °C T < 23-25 °C 

Second layer of embedded wires  First layer of embedded wires  Fig.4. Layers of embedded copper wire for electrical component 
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ABSTRACT 

The development of Additive Manufacturing (AM) technologies, such as the Foundry Multi3D 

System, has allowed for the fabrication of complex products such as 3D electronics, to be 

completed in a fraction of time compared to traditional manufacturing methods. However, this 

system has faced a significant problem in the form of thermal contractions that can lead to 

warping. In the Multi3D System, the printing process was often interrupted to allow the transfer 

of the workpiece from the 3D printers to a Computer Numerical Control (CNC) router capable 

of wire embedding, machining, foil embedding, and component placement. Warping 

commonly occurs when a part is removed from the printing environment and exposed to 

ambient temperature. As a proposed solution, designs for mobile and stationary high 

temperature environment systems were developed. The mobile system would serve to shield 

the part from heat transfer losses throughout its removal from the printer, and the stationary 

system would prevent heat losses when the portable build platform was docked on the CNC 

router bed. In theory, a constant ambient temperature for the built part throughout the entire 

process would eliminate the effects of thermal contraction and warping.  

1 Introduction 

Additive Manufacturing (AM), commonly known as 3D Printing, is the process in which an 

object is built layer-by-layer with the help of Computer Aided Design (CAD) [1]. There are 

seven AM technologies developed in recent years. However, for this project, the chosen AM 

technology was material extrusion. This technology is based on the melting of a thermoplastic 

and its deposition onto a planar surface. Afterward, the process is repeated on a plane above 

the previous extruded material, to complete the build layer-by-layer. Stratasys Inc. has been 

one of the largest companies developing this technology under the name Fused Deposition 

Modeling (FDM). This project utilizes the Stratasys’ FDM industrial printer, Fortus 400mc. 

The purpose of the presented work was to solve the problem of warping in the Multi3D System 

for material extruded parts, by incorporating a previously built mobile high temperature 

environment and a new stationary high temperature environment for a computer numerical 

control (CNC) router.  
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2    Multi3D System  
The Multi3D System consists of two FDM Fortus 400mc (Stratasys, Eden Prairie, MN, USA) 

printers (FDM 1 and FDM 2), a computer numerical control (CNC) router (LC 3024 CNC ) 

with wire embedding capable tools, and a six-axis robotic arm (Yaskawa Motoman MH50, 

Miamisburg, OH, USA). The purpose of the system shown in Fig.1., was to facilitate and 

automate the fabrication of 3D printed parts with electronic components. The system utilizes a 

cycling process to produce said parts. First, a print file would be generated from its CAD 

version to a computer G-Code that can be interpreted by the printer. The print job would then 

be initiated, and material would be extruded to build the part according to the CAD file. The 

Multi3D leverages the ability to interrupt the fabrication of a part at a desired layer by 

introducing a pause. Pauses are strategically placed during the fabrication of a part to allow for 

other processes to be employed such as embedded circuitry, placement of components, or a 

machined feature on the plane. In any case, once prints are paused, the robotic arm (controlled 

by LabVIEW) cautiously removes the portable build platform from the printer and places it on 

the CNC router bed. Then, the desired process (such as machining, wire-embedding, or 

component placement) would take place using the CNC. The robotic arm would then retrieve 

the build platform and return it to the interior of the printer. Lastly, the print job would be 

resumed, and the process repeated as necessary.  

 

Fig 1.  Multi3D System CAD concept [2] 

 

3     Thermal Contraction Issues  

As the recently printed parts exit the printer’s oven, they are immediately exposed to a large 

temperature gradient, due to the relatively low ambient temperature. For printing of 

ULTEM1010 thermoplastic, the temperature gradient ranges from 195°C to 25°C, i.e. the 

interior temperature of the printer versus the ambient temperature is large, creating thermal 

stresses within the material of the printed part. The effects of thermal stress on an ULTEM1010 

part can be seen in Fig.2. Alongside thermal stresses, there are thermal displacements, which 

can shrink, enlarge, or warp the built part. These defects can lead to a malfunctioning part by 

changing its mechanical properties, such as the tensile strength. In the case of the thermoplastic 



 

 

polyether ether ketone (PEEK) 150P, cooling rates directly affect its mechanical properties. A 

higher cooling rate produces a lower crystallinity, which also leads to a lower tensile strength; 

and a slow cooling rate produces a higher crystallinity which leads to a higher tensile strength 
[3]. To have a repeatable set of experiments, a consistent set up must always be used to have the 

same conditions throughout the entire testing phase. 

 

 

4     Proposed Solution 

Warping issues arise due to the large temperature gradient between recently printed parts and 

the ambient air. A solution for this issue would be to limit the part’s exposure to ambient air 

and maintain it in a hot temperature environment. The proposed method for mitigating warping 

issues is the introduction of a heated traveling envelope and a CNC high temperature 

environment. The heated traveling envelope was built out of aluminum extrusions, a high 

temperature curtain, mineral wool for insulation, and steel panel walls. The interior contained 

an AC heater with an output power of ~500 W. Alongside the heater, an AC fan was attached 

to create circulation of the hot air inside the envelope. This envelope was to be used as a mobile 

high temperature environment to transfer the printed part from the FDM printer into the CNC 

router, shown in Fig.3. The envelope will be preheated to a temperature close to the material’s 

Warped section 

Damaged section 

Fig.2.  Warped ULTEM 1010 sample 

Fig.3. Visual representation of the Heated Traveling Envelope deposited inside the FDM and 

CNC Router 

 



glass transition temperature and then placed on top of the build platform of the printer. Once 

the robot places the envelope inside the printer, the robot will carry the entire build platform 

and place it on top of the CNC router bed. At this point, the CNC router bed should have its 

own high temperature environment active and preheated to a similar temperature, near the 

material’s glass transition temperature. The reasoning behind heating the envelopes to a 

specific temperature stems from previous research showing that the stress-free temperature of 

a studied thermoplastic (AS-4 graphite/thermoplastic) was close to its glass transition 

temperature [4]. The CNC high temperature environment, shown in Fig.4, is similar in theory 

to the heated traveling envelope, as it includes AC heaters (outputting 1250 W each), an AC 

fan, and high temperature curtains to avoid the hot air from escaping easily. The 

implementation of these two systems reduces the risk of exposing parts to low temperatures.  

 

 
Fig.4. Visual representation of the CNC router High Temperature Environment. 

 

5     Conclusion 

In conclusion, warping and residual stresses in recently additively manufactured parts can lead 

to a malfunction in their application, such as failure due to a smaller yield strength. Past data 

showed how cooling rates affect the properties of a printed part. To mitigate the negative effects 

of temperature gradients on 3D printed parts, a set of heated systems were proposed for both 

transporting parts within the Multi3D System, and for when processes are performed inside the 

CNC router. It is anticipated that the proposed solution will help avoid the formation of residual 

stresses in the printed parts, by reducing the cooling rate of the product after printing. Testing 

for this system has yet to be performed. Flexural testing and tensile testing will be the chosen 

tests to compare specimens cooled down with the heating systems. Several specimen cooled at 

different rates, and specimen immediately exposed to ambient after manufacture will be 

observed. The future work of this project aims to heat up recently printed thermoplastics (such 

as Polycarbonate and ULTEM 1010) to temperatures close to their glass transition temperature 

(147°C and 215°C respectively), and cool them down at different rates to study their tendency 

to warp. The porosity of the materials will be also examined, as past work has shown that 

heating parts above the material’s glass transition temperature may reduce porosity.  
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ABSTRACT 

 

This paper presents an approach to reduce dimensionality for hyperspectral unmixing using 

superpixel segmentation. Dimensionality reduction is obtained by over-segmenting the 

hyperspectral image.  The average pixel is used as the representative spectral signature for the 

superpixel segment. Once the average signature is extracted for each superpixel, endmember 

extraction methods are applied to the reduced data set of spectral signatures with clear 

computational advantages. Vertex component analysis is used for the hyperspectral 

unmixing. The proposed method is illustrated on the AVIRIS image captured over Fort AP 

Hill, Virginia. 
 

1 Introduction 

Unmixing is used to determine the relative abundance of materials that are depicted in 

multispectral or hyperspectral imagery, usually, it involves the estimation of the endmember 

number, endmembers extraction, and the abundance estimation, most of the existing 

techniques focus on the single pixel-based methods and without taking the spatial information 

into consideration [1]. The degree to which the adjacent pixels are strongly correlated will 

heavily depend on the spatial resolution and the scale of natural and cultural features on the 

ground surface to be scanned.  Therefore, it may cause difficulties to the unmixing for the 

hyperspectral imagery. By contrast, superpixels incorporate spatial connectivity that can be 

invoked to group similar pixels into an image region. If a pixel and its neighbors are similar 

they are merged and treated as a common entity in subsequent processing. Superpixel based 

segmentation approach have been proved to be successful in improving the performance of 

hyperspectral unmixing and noise reduction by exploiting the similarity of adjacent pixels 

[2,3].  

 

2 Superpixel Segmentation 

2.1 Overview 

As the number of superpixels is much smaller than the number of pixels, the processing will 

be much faster. The effectiveness of the superpixel segmentation in image processing and 

computer vision has been recognized by many researchers. Figure 1 illustrates the proposed 

unmixing approach for hyperspectral imagery using superpixels. 

 

SUPERPIXEL SEGMENTATION FOR HYPERSPECTRAL 
UNMIXING USING THE VCA 

Jiarui Yi1*, Miguel Velez-Reyes1 
1 Department of Electrical and Computer Engineering, University of Texas at El Paso, 

El Paso, TX 79968, USA;  
* Corresponding author (mvelezreyes@utep.edu) 

 

Keywords: Superpixel segmentation, Unmixing, Dimensional reduction,  

Vertex Component Analysis; Hyperspectral Imaging; Remote Sensing 



2.2 Spectral library database 

A smaller image chip of A.P. Hills, which was captured over the Fort A. P. Hill in northeast 

Virginia, USA, by the Airborne Visible and Infrared Imaging Spectrometer [4] (AVIRIS), 

was selected to implemented further analysis, as shown in the figure below. The reduced 

image part will be relatively easier to analyze and computationally efficient. 

 

         
 

       Fig. 1. Proposed approach for hyperspectral imagery              Fig. 2. Image chip of AP Hill 

3  Experimental Results 

To evaluate the performance of the proposed method, comparisons are implemented for the 

proposed superpixel segmentation that incorporates the spatial information with Vertex 

Component Analysis(VCA). The VCA algorithm assumes that the endmembers are the 

vertices of a simplex and the affine transformation of a simplex is also a simplex [5]. 

Endmembers are located at the corner of the convex hull. The algorithm project data in the  

perpendicular direction to subspace that spanned by the extracted endmembers. The 

comparison results are shown in Figure 3~6 which illustrate the differences of abundance 

maps and endmember signatures.     

 

     
Fig. 3. Spectral Signature for regular VCA             Fig.4. Spectral Signature for proposed approach 



  

 

          
 

Fig. 5. Abundance map for regular VCA      Fig. 6. Abundance map for proposed approach 

 

4  Conclusions 

 

The superpixel representation reduces the redundancy present in the image and increases 

processing efficiency of the next processing task. The proposed approach that incorporates 

the superpixel segmentation outperforms the current standard state-of-the- art unmixing 

techniques. Quantitative assessment will be implemented in the future. 
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ABSTRACT 

Long endurance unmanned aerial vehicles have many promising applications such as crop 

health monitoring and traffic flow management. Solar power, which is abundant in the 

Southwest, is an obvious choice for sustaining flight. These considerations provided the 

motivation for the development of a solar-powered unmanned aerial vehicle that can carry a 

five pound payload. Based on an analysis of the excess solar power for an empty mass of 15 

pounds, a wing span of 12 feet and a mean aerodynamic chord of 1 foot were chosen. All 

components were built from readily available low-cost off-the-shelf components. Using 

fiberglass, carbon rods, and balsa wood, a light-weight but structurally sound structure was 

built. Table top experiments were carried out to test the solar cells. The electrical circuit for 

charging the battery in flight and powering the electric motor was based on commercially 

available components. The plane was equipped with an AMP2.6 autopilot with GPS, compass, 

Prandtl probe, and power meter, to allow for in-flight measurements of relevant flight data. 
 

1 Airplane characteristics 

1.1 Excess Power Analysis  

A method by Rosales et al. [1] was used to theoretically determine the excess power during 

solar-powered flight, 

𝑃𝐸 = 𝑃𝑆 − 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 , 
 

where 𝑃𝑆 refers to the power available from the solar cells and 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 is the power needed to 

maintain cruise. The excess power can be used to either climb or charge the battery during 

cruise. The available solar power depends on the solar irradiation 𝐼 (800 W/m2) which was 

obtained from a spreadsheet by Jenkins and Bolivar [2], the conversion efficiency, 𝜂𝑆, and the 

percentage of the wing covered by solar cells 𝜂𝐴=80%, 

 

𝑃𝑆 = 𝐼(𝑆 + 𝑆𝑡)𝜂𝑆𝜂𝐴. 
 

Equations (1) and (2) can be further expanded as described by Rosales et al [1]. For a desired 

payload of 5lbs, an estimated empty weight of 15lbs, and a solar cell conversion efficiency of 

18%, the method provided the optimal design parameters such as wingspan (12ft) and mean 

aerodynamic chord (1ft), center of gravity position, and cruise speed. In Fig. 1 the excess power 
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is plotted as a function of the cruise velocity and 

static margin for a tail volume coefficient of 𝑉𝐻 =
0.6. Important parameters for the final design are 

provided in Tab. 1. The fuselage payload bay has an 

8x8in cross-section for accommodating a multi-

spectral camera. The corners of the payload bay were 

rounded and the nose and tail sections were made 

circular. The tail taper angle is 7.12deg and thus 

lower than the maximum of 12deg proposed by 

Corke [3]. 

 

1.2 Solar Cell Analysis and Electrical Circuit 

Design 

Five monocrystalline solar cells identical to those used on the aircraft were placed in a small 

enclosure as shown in Fig. 2 (left). The output power of this system was measured on April 24 

and 25 of 2017 between 2pm and 3pm. The sun incidence angle changed from 22º to 32º during 

the tests. Measurements were made with and without Monokote (clear plastic film for covering 

the wings) and loads varying between 0 (short circuit) and infinity (open circuit). Measured 

power vs. voltage curves are shown in Fig. 2 (right). The Monokote film reduced the electrical 

power by about 30%. This was attributed to reflection and adsorption of the sunlight by the 

film and greenhouse heating of the cells. Measurements that were made after the cells had been 

mounted in the 

wings indicated 

that the Monokote 

reduced the 

harvested power 

by about 26%. A 

schematic of the 

electrical circuit 

for charging the 

solar cells and powering the motor is shown in Fig. 3. The circuit was based on a WINCONG 

SL02B-30A pulse width modulation charge controller and an Astroflight Blinky 1.8 balancer. 

 

 
Fig. 2. Table-top model and power vs. voltage curve without (green) and with (red) 

Monokote cover. 

 
 

Fig. 1. Excess power versus cruise 

velocity, v, and static margin, sm. 

 

Max. excess power (empty) 75.44W 

Optimum cruise speed (empty) 25 mph 

Optimum cruise speed (max. payload) 31.5 mph 

Angle of attack at optimum cruise 6.08deg 

Optimum static margin (empty) 9.9% 

 

Tab. 1. Final design parameters. 



 

 

2 Manufacturing 

The fuselage shells were made from a fiberglass composite sandwich consisting of two layers 

of 2oz/ft2 fiberglass, a Soric XFF2 flexible mat, and a slow curing epoxy system by MGS. The 

layup was done in a hand-shaped mold. A 17mm outer diameter carbon rod serves as tail boom. 

The ribs for the wings (S6061 

airfoil) and tail surfaces 

(NACA 0012 for horizontal 

and NACA 0010 for vertical) 

were CNC laser-cut from 

balsawood and supported by 

circular carbon fiber spars. 

3    Flight tests 

Two flight tests of the finished 

aircraft (without solar cells) 

were carried out on July 10, 

2017. Some data, including 

airspeed, GPS groundspeed, and GPS altitude were collected and are shown in Fig. 4. For the 

flight tests, the center of gravity was placed far forward for obtaining a large static margin. As 

a result, the parasite drag coefficient estimated from the flight test data was relatively large, 

𝑐𝐷,0=0.04. 

 

 

 

Fig. 4. Measured airspeed, groundspeed, and altitude for second flight. 

4    Conclusion 

Based on a procedure for maximizing the excess power, a solar-powered airplane for carrying 

a five pounds payload was designed and built from low-cost off-the-shelf materials and 

components. Successful flight tests without solar cells confirmed the validity of the 

aerodynamic design. For the future it is planned to fly the plane with solar cells and to record 

the power flow (solar cells, battery, motor) in flight as a function of the airspeed.  

References 

[1] J. Rosales, M. Derra, K. Kreutz, A. Rodriquez, L. Sagarnaga and A. Gross “Low-Cost High-Endurance Solar-

Powered Unmanned Aerial Vehicle”.  Proceedings of 35th AIAA Applied Aerodynamics Conference, Denver, 

CO, AIAA-2017-3920, 2017. 

[2] T. Jenkins and G. Bolivar “Solar Time, Angle and Irradiance calculator”. New Mexico State University, 2009. 

[3] T. Corke “Design of Aircraft”.  1st edition, Prentice Hall, 2003. 

 

Fig. 3. Schematic of electric circuit. 
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ABSTRACT 

The MIRO Center for Space Exploration and Technology Research (cSETR) has designed the 

module that will support the CROME 500 lbf rocket engine and all of the instrumentation and 

hardware associated with the engine. The performance of the engine module is evaluated through 

a series of computational models. This paper shows the steps taken to design the CROME 500 lbf 

Engine Module. 

 

1    Project Background 

 

The MIRO Center for Space Exploration and Technology Research (cSETR) has been developing 

a 500-lbf rocket engine that uses Liquid Oxygen-Liquid Methane (LO2-LCH4) as propellants in 

order to research methane-enabling technologies for possible in-situ resource utilization (ISRU) 

on other planets. In order to support this research, the engine module will adhere to the following 

design requirements. The module must be able to withstand the weight of the engine and all of its 

components, as well as the engine’s maximum thrust of 500-lbf. The module must have the 

following envelop: diameter of 17.25” and a length that will not exceed 40”. The module must 

contain the engine and all supporting equipment for the engine (igniter, pressure transducer, 

thermocouples, and valves). It must support the engine and all of the plumbing without yielding 

during loading and operation. It should also allow for maintenance of the engine and feed lines to 

include tooling and disassembly. 

 

2    Design 

 

The module is broken into 15 components; the bottom interface, top interface, the engine support, 

four support beams, actuator support, two valve supports, and five L-brackets. The bottom 

interface is the base of the cage support which along with the top interface, hold together the four 

2” x 2” inch hollow square tubes (support beams) that make up the engine cage as shown in Fig 1. 

These support beams allow room for maintenance and any modifications needed for the engine, 

supporting equipment and their supports while providing the necessary room for the supports to 

be attached to it and hold the engine and its instrumentation on place. The main engine will “sit” 

on top of the engine support which is attached to the main cage frame with the use of L-brackets. 

These L-Brackets have a total of three sets of positions that can move the engine support 1inch 

with the use of a bolt pattern on the cage frame and the L-brackets. This allows the main engine to 

be modified 1inch from its original position to allow a user freedom in the location of the engine 

while maintaining the given requirements.  

 

mailto:ahsan@utep.edu)


 
Fig. 1. Cage Frame 

 

The valve and actuator supports were designed to fit the assembly holes of the valves and 

actuators allowing us to work around the assembly holes and create a support that could connect 

to the cage frame. We decided to have a total of one support for both actuators to avoid any 

cantilever effect. The support will connect to the main cage by the use of four sets of bolts that 

have a 1inch allowance for modification from its original position as the main engine does. Both 

actuators will “sit” on the support and be connected using the assembly holes. This 1 inch 

modification from the original position of the supports can be also found in the valve supports as 

the whole engine and its instrumentation can be moved as a whole piece or each piece 

individually as the situation requires. The valve supports were designed for each valve and have 

the assembly holes connected to the valve support.   

 

   
Fig. 2. Actuator Support    Fig. 3. Valve Support 

 

The components were designed to simplify manufacturing and assembly of the module while 

maintaining compliance to the project requirements. The components will all be composed of 

AISI 304 stainless steel. A computer-aided design (CAD) was created for each component using 

Siemens’ NX10 modeling software as seen in figures 2 and 3. The component CADs were 

assembled in NX10 to verify compatibility. 

 



   
Fig. 4. Full Assembly with Engine                             Fig. 5. Full Assembly without Engine 

 

3    Analysis 

 

A finite element analysis will be conducted on the assembled file using Altair HyperMesh. The 

assembly will be exposed to simulated dynamic loading caused by the thrust of the engine as well 

as the constant weight of the supported components. The model will also be exposed to modal 

testing of up to 150 Hz to simulate the vibrations caused by the 500 lbf engine. Each component 

will be identified with a PSHELL property card, and will consist of 0.125 inch mixed mesh. The 

bolts at each bolted interface will be simulated using CBAR’s with PBARL property cards. The 

center of each CBAR will be joined to corresponding nodes with rigid body elements (RBE3’s). 

The welding will be simulated using rigid body elements (RBE2’s) along the length of each of the 

weld lines. The CBAR elements along the top interface of the assembly will have all six degrees 

of freedom constrained. Forces will be applied to the CBAR elements responsible for supporting 

the weight of the engine, actuators, and valves. The CBAR elements connecting the engine to the 

engine ring will also be subjected to up to 500 lbf from the thrust of the engine. The FEA will 

determine if the assembly will be able to withstand the applied loading of the rocket engine for an 

infinite number of life cycles. 

 

 

 
Fig. 6. Example meshing of assembly 
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ABSTRACT 

The purpose of this research is to develop a landing system for a CubeSat satellite. The goal is for 

a CubeSat to land on a small celestial body such as Apophis which is a NEA (Near Earth Asteroid). 

As the investigation moved forward we decided that the best method would be developing an 

anchoring mechanism to hook onto the asteroid to land on it. This is due to the extremely low 

gravitational pull created by the asteroid. Another characteristic of asteroids is the high velocities 

that they travel through space, which makes it even harder for a successful landing. After looking 

at the composition and physical properties of the asteroid we started working on defining the 

landing conditions. In order to obtain 100% penetration depth of the projectile the team came up 

with a velocity of a minimum of 950 m/s. In order to make the projectile travel at this velocity a 

combustion driven chamber will be used. This created more complications due to the regulations 

for fuels to be used on CubeSats. We are currently working on a design for a chamber that can 

withstand the pressures and temperatures created by this combustion that will generate enough 

momentum on the projectile. Multiple Ansys Structural Analysis simulations have been conducted 

with no satisfactory results so far, which indicates that we will have to choose a different material 

and verify the pressure calculations. A thermal- stress analysis will be needed to simulate the 

combustion under space conditions (vacuum, temperature). The team will continue working to 

successfully come up with a design to accomplish this mission. 

1.- Target Asteroid 

Space exploration has been a subject that humans are intrigued more and more as time moves 

forward. Aside from planetary bodies the investigations of small celestial bodies have taken a big 

turn as more investigators are taking interest in this. In order to declare landing conditions and 

requirements for the design it was first needed a target. The team needed to select a target that will 

come near Earth during the next couple of years. The Asteroid (99942) Apophis drew a lot of focus 

due to its trajectory that it was first thought of a possible collision with Earth. This collision has 

been ruled out by NASA, “the asteroid, which is the size of three-and-a-half football fields, 

gathered the immediate attention of space scientists and the media when initial calculations of its 

orbit indicated a 2.7 percent possibility of an Earth impact during a close flyby in 2029. Data 

discovered during a search of old astronomical images provided the additional information 

required to rule out the 2029 impact scenario” [1].  

1.1 Asteroid’s composition  

Apophis has an approximate “average diameter of 270m and bulk density of 3.2 𝑔/𝑐𝑚3. It is made 

of an approximate 65-75% of Olivine, 17-27% of Orthopyroxene, 3-13% of Clinopyroxene” [2]. 

The team treated Apophis as 100% Olivine this is in case of a worst-case scenario that the lander 
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intended to land on a major surface made of olivine. This is because Olivine is the hardest and 

densest material that Apophis is composed of. This assures that if the harpoon hits on a softer 

surface, the penetration depth will still be enough to hook.  

 
Figure 1.1.1 Asteroid (99924) Apophis images by NASA [2]. 

2. Anchoring Method 

The anchoring theory the team is working on, uses as the main anchoring method a harpoon. The 

harpoon design has not been finalized as preliminary tests need to be conducted. These tests 

involve material properties and chamber designs for the harpoon. The teams concluded than 

‘hooking’ onto the asteroid would present the best way to land on it. This is due to the enormous 

difference in size between a planet and an asteroid. Due to this difference in Mass the gravitational 

force from an asteroid is minimal. Therefore, it is not a subject of a landing system that involves a 

suspension system to minimize impact from the surface. The landing approach the team is 

currently working on, is a basic idea. Impact the surface with the harpoon launched by a 

combustion chamber, obtain the necessary momentum to pierce the surface and hook onto the 

asteroid. Then pull the CubeSat Satellite towards the asteroid. 

3. Penetration Theory 

For the landing conditions of the design, the team considered Apophis to be made entirely of 

olivine as mentioned before. Olivine is a crystal like mineral form of magnesium and silicate, its 

chemical formula is (Mg2SiO4). Based on the material type, density and mass, the team used 

derived formulas from ‘A generalized formula for the penetration depth of a deformable projectile’ 

[3], to obtain the required velocity to penetrate the target. Conducting an analysis of a harpoon of 

10cm in length and the diameter to be 0.1 times the length of itself the team calculated and 

approximate velocity of 950 m/s. This is in order to obtain a penetration of 10 cm which is the 

same length of the projectile. The shape of the projectile was modeled as a cylinder in order for 

these derived formulas to work. Next is the simplified formula for the penetration theory. 

P 1= (
𝑈

𝑉−𝑈
) 𝐿𝑒𝑟      (1) 
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where 

P1= Total penetration depth. 

U= Velocity of the projectile inside the target. 

V= Velocity of the projectile at the moment of impact. 

Ler=Eroded length of the projectile’s tail. 

4. Chamber design 

The velocity required for a successful penetration of the desired depth is 950 m/s. This velocity is 

quite high in normal standards, even most normal bullets travel at lower velocities exiting a gun 

chamber. The team considered that the best approach to obtain this velocity was to recreate or 

make a design similar to a gun chamber. Based on the velocity needed the team went ahead and 

started doing a pressure analysis inside the chamber, to obtain the inside pressures and critical 

points of the chamber.  

4.1 Pressure Analysis 

Deep in space, since there is no oxygen not all fuels/propellants may be used. It was decided that 

a solid propellant would be best for this application since they may carry its own oxidizer which 

will be needed to fire in space vacuum. Using derived formulas for calculating derived pressures 

and velocity in gun systems. This derived simplified formula is the following. [4]  

𝑃𝑚 =
𝐶𝑓𝑚(12𝑣𝑝)2

2𝐴𝐿
 

    

    (2)

  

where 

Pm = Maximum peak pressure 

m =Projectile’s mass 

vp =Velocity of projectile 

A= Bore cross-section area 

L = Chamber length 

Cf = Correction factor as other variables also affect the result such as projectile friction, rotational 

energy, heat transfer. 

By doing this analysis, the obtained value is an approximate of 51,000 psi which in pascals is 

3.51x108. By using this formula, the peak pressure obtained its inside of the typical pressure values 

inside a gun chamber. The following step would be to analyze the chamber design and internal 

stresses of the chamber. 

4.2 Stress Analysis 

For the stress analysis the team will be using Ansys 18.2. Ansys is a program used in many 

simulations in the industry. For this analysis the subsystem used was ‘Structural Analysis’ this 

analysis was conducted on a cylinder with a 2 cm inner diameter, 3 cm outer diameter and 10cm 

in length. The material used was titanium alloy. The cylinder was put under the pressure conditions 
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for an approximate time of 0.005 seconds, which is the approximate time that the projectile will 

exit the chamber. After the projectile exits we may assume the pressure will greatly decrease as it 

will now have an outlet for the combustion.  The following table shows the stress analysis from 

Ansys Workbench. 

Type of Analysis Total Strain Equivalent Stress   

(Von-Mises) 

Maximum 

Principal Stress (C) 

Maximum 

Shear Stress 

Max 0.0002268 m 1.1533e9 Pa 1.6311e9 Pa 6.448e8 Pa 

Min 0 m 8.7476e7 Pa -2.4854e8 Pa 4.9374e7 Pa 
Table 4.2.1 Stresses obtained from Ansys structural analysis. 

Unfortunately, with these dimension under the current pressures Ansys gave results that are not 

yet satisfactory as the cylinder suffered a maximum deformation of .0002268 m and a minimum 

safety factor of 0.806. With these results we may conclude that the current design is not appropriate 

for the pressure it will be put under. Figure 4.2.1 is a visual representation of the current safety 

factor on the chamber. 

 
Figure 4.2.1 Safety factor on chamber. 

 In addition to that, this analysis is only based on pressure inside the chamber, as the combustion 

will also generate heat, it must be taken into consideration. For this analysis, Ansys has a system 

called ‘Thermal Stress’ which it may simulate combustion and port the result over to generate a 

new structural analysis and overlap the results for a more accurate simulation overall. The team is 

currently working on a better design that will generate better result and a minimum safety factor 

of 1. 

5. Conclusion 

Although there is still a lot of work to do, the team strongly believes that a design to accomplish 

this mission is totally possible. The landing approach taken on this project is believed to be the 

correct one, as the physics behind it have been proven before. All there is left to do is to adjust it 

to fit the project’s requirements and mission. By combining all these methods, a new way of 

exploring/landing an asteroid could be possible in the next few years.  
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ABSTRACT 
As CubeSat projects continue to be developed at the University of Texas at El Paso (UTEP), the 
opportunity to create a 3U Poly-PicoSatellite Orbital Deployer was explored. This paper presents 
the information obtained on the different 3U Poly-PicoSatellites created by Cal Poly and the 
challenges in trying to replicate the structure which can be used for testing in the UTEP 
laboratories. 
 

1 Introduction 
The CubeSat Project is a joint effort between the California Polytechnic State University (Cal 
Poly) and Stanford University that started in 1999 to promote picosatellite development.  The 
standard was created to encourage and facilitate small scale satellite development by providing 
requirements—the standard—that would ensure compatibility with pods and launch vehicles. [1] 
In turn, these satellites are of relative low-cost, the timeframe planning is short, and launching 
costs are reduced. 

1.1 Motivation  
The Orbital Factory II (OBII) 1U CubeSat being developed at the University of Texas at El Paso 
will soon be launching into space as the first small satellite to 3D print in orbit. Various tests have 
been conducted through computer software and simulations to ensure its survival in space. While 
all the required in-lab testing will be performed in accordance with the requirements, an 
opportunity was seen to create a 3U Poly-PicoSatellite Orbital Deployer (P-POD) that can be used 
to better understand how the 1U CubeSat will behave during the deployment stage. 
 
However, since the focus of the program is within the satellite itself, obtaining the necessary 
information to replicate a 3U pod has been challenging. While the latest revision of the 3U P-Pod 
can be find in the CubeSat website, not all necessary information is present to replicate the model 
since it is mainly available to serve as a reference for developers between the CubeSat and the pod 
itself. It should be noted that each mission is analyzed based on its requirements and thus, 
modifications might be implemented. [1] Nevertheless, different sources have been taken into 
consideration to derive a final 3U P-Pod that resembles the latest version as accurately as possible.   
1.2 Background 
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The development of the P-POD was created to protect: the primary payload, the launch vehicle, 
and the CubeSats. It also served to group multiple CubeSats for launch, to eject them for safe 
deployment, to increase accessibility for CubeSats into space, and to serve as a standard between 
CubeSats and Launch Vehicles (LV’s). [1][2] A 3U P-Pod is a tubular structure that has the capacity 
to carry 340.5 x 100 x 100 mm of deployable payload. There have been approximately 39 pods 
which have been successfully tested in different launch vehicles. [1] The missions that the pods 
complete serve as indicators of the improvements that need to be implemented.  
1.3 General Characteristics 

Despite the different improvements in the 3U P-POD there are characteristics that were used 
since the beginning. The alodined aluminum tubular structure is comprised of a rail system 
inside of which the chassis will slide out. The rails create a linear trajectory which helps predict 
the path of the satellite and which lowers the spin rate upon exiting. [1] The system is spring-
loaded and once the door is opened, the different units are pushed out as the main spring 
decompresses as it slides through the rails. Access ports have always been implemented for easy 
access to the Units (chassis) once mounted to the LV. Through the years, there have been a total 
of three different 3U P-Pods developed by Cal Poly, the Mk. (Mark) I, Mk. II, and Mk. III.   
1.4 Improvements 

Being the first 3U P-POD built, the Mk. I in Fig. 1 saw the most opportunity for improvement. 
After undergoing testing, the door had undergone displacement due to the vibration, which further 
added unnecessary load on the CubeSats. The on-board electronics were improved since the door 
deployment system was not optimal. In general, it was difficult to track the door opening and to 
confirm that it had in fact opened the desired amount. The data ports located in the bottom face 
were also made bigger and put on a different face. [3]   
	
	

	
Fig. 1 Mk. I P-POD [4] 

After adding the necessary changes from the Mk. I, the Mk. II in Fig. 2 was created with new 
mechanisms implemented. The main door was redesigned and made two times stiffer than the 
one in the previous model. With the door change, the release mechanism was also changed, 
eliminating the need for on-board electronics. Telemetry data was used to confirm successful 
deployment, and a signal could be sent when the position of the door was at 90°. [3] The latter 
serves as another confirmation to ensure that the door is sufficiently open for the Units to be 
ejected from the pod.  
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Fig.	2	Mk.	II	P-POD	

	
The current version, the Mk. III in Fig. 3 shows larger access ports and an improved door release 
mechanism, along with the corresponding electrical harness.  
	

	
Fig.	3	Mk.	III	P-POD	[1]	

2 Derived Design 
Understanding the designs and the information associated with each pod was helpful in deciding 
how to use that information. No single document provided the information necessary to replicate 
a pod, but the three designs had something that could be used in the design. 
2.1 Design Gathering 

Several designs were found when searching for CAD drawings for the 3U P-POD: one from the 
Mk. I [4], two which correspond to the Mk. III [1][5], and one from an outside source (Tyvak) 
which is a Rail-Pod for the Mk. II [6].  
After analyzing the information in each of them, the Mk. I design [4] was used to obtain the 
measurements for four main long panels: the top, bottom, and the two sides. The access ports 
which were originally in the bottom panel in the Mk. I were not included. After doing the CADs 
in SolidWorks, an assembly confirmed that they fit accordingly. However, it was through the 
assembly that the dimensions of the inside did not match that of the 1U chassis under 
development. Therefore, the measurements of the rails were adjusted as needed, without 
changing the overall structure of the pod.  
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Most of the other measurements used were found in the older version of the Mk. III [5] since it 
contains more points of reference. If no information was found, the measurements were obtained 
as accurately as possible and the specific structure was verified by ensuring a proper fit in the 
assembly.  

The current development of the Mk. III CAD is shown below in Fig. 4.  

	
Fig.	4	Mk.	III	CAD	modeled	in	SolidWorks 

 

3 Further Actions 
3.1 Ongoing Research 

As this project is still under development, research continued to be conducted in an effort to 
obtain information as accurate as possible to the current configuration of the Mk. III [1] used by 
Cal Poly. Meanwhile, some information has been obtained on the deployment spring as 
described on a Cal Poly student’s thesis. This information, along with elaborating and solving a 
differential equation based on the rate at which the CubeSats leave the pod and the distance 
travelled, will be used to verify the spring constant.  

3.1 Testing 
Once the CAD has been completed, several software simulations, such as Finite Element 
Analysis, will be ran on the model to see the behavior. Once acceptable data is obtained, the pod 
will be manufactured for testing in the lab in the vibration table, vacuum chamber, and any other 
related testing.  
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ABSTRACT	

Orbital Factory II (OFII) is one of the current 1U CubeSats being developed at the University of 
Texas at El Paso. A unique feature of the OFII is that it will include a 3D printer to be utilized 
while in space, making it the first of its kind to implement this kind of technology. This paper 
explores the different iterations of the OFII that have been derived from the requirements of the 
CubeSat standard as defined by Cal Poly.  
 

1 Introduction 
The CubeSat Project started in 1999 and is the product of a collaboration between the California 
Polytechnic State University (Cal Poly) and Stanford University. This project aimed to improve 
the development of small satellites –CubeSats—and provide space access to smaller payloads by 
making them more accessible by cutting down on costs and reducing the project planning by one 
or two years with the use of a standard. The standard has provided high school, universities, and 
other small entities, the opportunity to get involved with picosatellites, and thus carry through the 
mission of the project at an international level. 

1.1 Motivation  
In its final stages before testing begins, the OFII continues to be redesigned. Following the 
standards set by Cal Poly, one of the main concerns for the project lies in reducing the weight of 
the satellite and keep it as low as possible. In implementing a 3D printer, the design of the 1U 
influenced how the design iterations started shaping the overall design, however, not without first 
adhering to the CubeSat standard as well as the derived requirements while in orbit to complete 
the mission.  
1.2 General Requirements 

1U CubeSats are characterized by the 100 x100 x 100 mm dimensions and a mass of no more than 
1.33 kg. Rails to be used during deployment are to be incorporated in the CubeSat chassis at the 
four corners of the cube. The center of gravity for a 1U shall be within 2 cm of its geometric center 
in the z-direction. [1] The complete list of requirements is found in the CubeSat Design 
Specification (CDS).  
 

2 Designs 
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Prior to creating the first design for the OFII, analyses were conducted. One of those analyses 
included finding the optimal wall thickness of the chassis to ensure that the satellite would be 
shielded from radiation at least for duration of the mission. A wall thickness of 3 mm was then 
found to be the desired measurement. Four major design iterations have taken effect thus far in 
the creating of the OFII. 
2.1 OFII Revision 1 

The first revision (Fig. 1) of the two-part design of the OFII was created following the 
requirements to understand how the electronic components would fit on the chassis. Although 
the design generally worked in shielding electronic components and complied with the 
requirements, the design was not ideal for mounting the assembly and incorporating the cabling 
for the outside components. [2]  

 
Fig. 1 OFII revision 1 [2] 

2.2 OFII Revision 2 

Taking into consideration revision 1, the second design iteration (Fig. 2) was similar but took 
into consideration the arrangement of the outside components. By making small changes to the 
structure, the outside of the chassis could better accommodate the outside components. [2] 
Nevertheless, the main issues as in the first revision were still to be resolved.  

 

	
Fig. 2 OFII revision 2 [2] 

2.3 OFII Revision 3 
Revision 3 (Fig. 3) was a completely different design than the previous two. It consisted of a  
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three-part chassis with two compartments: a shielded section and a slightly shielded section. 
Components needing more protection would be enclosed in the shielded section, mounted 
through the use of the PC/104 Architecture. Other components not needing as much protection 
would be in the slightly shielded section, where the cabling for the solar panels and other 
already-exposed components would be connected. The issue with this revision was how the 
center of gravity would be shifted due to the difference between the shielded part and the heavily 
shielded part. [2] 

 
Fig. 3 OFII revision 3 [2] 

2.4 OFII Revision 4 

The current design of the OFII follows that of the fourth revision (Fig. 4). Revision four was 
changed back to a two-part chassis. The inside of the chassis will house the electronics following 
the PC/104 architecture while the 3D printed will be situated on the outside, not conforming to 
the PC/104 structure. Mating sides of the chassis have a thin groove on the perimeter that allow 
for more radiation shielding as well as a better fit between the pieces. Side panels will be 
mounted on the outside. 
 

	
Fig. 4 OFII revision 4 

3 Future Actions 
Although no more major changes will be made to revision four, the mass of the chassis is still of 
concern. Minor adjustments will be made to the geometry to keep the mass at a minimum 
without compromising the structure. Upcoming testing in the vibration table and vacuum 
chamber will dictate if any changes are further needed, although the software testing has been 
successfully conducted.  
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ABSTRACT 

The STARPath program at The University of Texas at El Paso (UTEP) has invested time and 

effort into developing a kit that will encourage and develop satellite experience in local high 

school students focused in the engineering curriculum. The university has designed an on-

board computer (OBC) and an electrical power system (EPS) that will lay a foundation for a 

highly customizable cube satellite based on the student’s task trying to be completed. These 

boards have been manufactured and populated and are being tested for functionality. Soon 

these boards will be tested in durability and its ability to withstand orbital temperatures to 

ensure safe operation of the system.  
 

1 Background 

The CubeSat project began in 1999 in an effort to provide a standard design for picosatellites 

to reduce cost and time development, increase accessibility to space, and sustain frequent 

launches. This collaboration that began between Prof. Jordi Puig-Suari and Prof. Bob Twiggs 

has extended into an international collaboration of over 100 universities, high schools, and 

private firms [1]. The CubeSat standard has developed to become a 10 cm cube with a mass of 

up to 1.33 kg per unit (“U”) and allows access to space for small payloads. These CubeSats 

can be sent into orbit either as a single unit, 1U, or as a group, 2U or 3U. However, before 

they are able to be launched, all designs have to be able to meet minimum testing 

requirements to ensure no harm comes to the launch vehicle. In conclusion, the development 

of the Cubesat standard has become a powerful tool that encourages engineering 

collaboration, trains students with real-world satellite experiences, and provides advancement 

in the aerospace industry [2].  

 

2 Space Technology Augmented Retention Path 

2.1 Introduction 

STARPath’s Space Technology Augmented Retention Path aims to influence young high 

school students in engineering through project-based learning to support and augment science 

and engineering. The program is being piloted in high school classrooms with focused 

curriculum in engineering. These school include: 

1. Bowie High School 

2. Burges High School 

3. Riverside High School 
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4. Fabens High School 

Students in these classrooms will receive a kit with all the necessary equipment to be able to 

start programing a CubeSat. The kit will come with the OBC and EPS module designed and 

manufactured by the university as well as an Arduino Uno starter kit, AC/DC variable bench 

power supply, a multi-meter, a solderless breadboard, a small tool kit and a soldering station 

with an ESD mat and wrist strap. The student will also receive a laptop computer with all the 

necessary software and manuals needed. With a task at hand, the student will be able to 

design their own module that will connect to the OBC provided for additional configurations 

as needed.  
 

2.2 On-Board Computer (OBC)  

The OBC was designed around the MicroShip PIC 32 platform and has a massive user 

community due to its compatibility with Arduino IDE. The board also includes an integrated 

clock and an external watchdog so the software can reset if a problem occurs. The user is also 

offered an on board Micro-SD card as well as temperature monitoring through 8 temperature 

sensors and is offered 6 configurable power rails in addition to the 3 primary power busses. 

These power rails can be configured to 3.3 or 5 volts depending on the user’s specifications 

by creating a solder jumper. The primary power busses include a 3.3 and 5 volt supplies with 

a peak discharge of four amps in addition to a power buss providing raw battery voltage. The 

OBC also features ten 12-bit analog to digital converters as well as two 12-bit digital to 

analog converters along with built in housekeeping data an on-board Li-Ion charger/regulator.  

 

 

Fig. 1. Populated on-board computer (OBC) 

 

The OBC and EPS modules have been designed and manufactured at UTEP and can 

successfully be programmed using the Arduino IDE software. This board was populated 

manually by Adrian and Alan, two undergraduate students who are assisting in the project, 

and by using an automatic pick in place machines shown in Figure 2. Following the 

population of the board, the board was placed in a PCB reflow oven and the final through 

hole component were placed manually. Currently the board is undergoing functionally 

testing. After the students discovered a missing resistor and an unnecessary capacitor 

affecting the board from connecting to the computer, the OBC was finally able to be 
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programmed using the Arduino IDE. The students are continuing to manually test the 

functionality of every component on the board by sending a simple code and recording the 

results or using a multi-meter to ensure the correct amount of power is being delivered to the 

correct place.  

 

 

Fig. 2. In-house PCB population equipment 

 

2.3 Future Implementations  

After functionality testing is complete, the board will also have to undergo a series of 

durability tests. These satellites have to be able to withstand high amounts of turbulence as it 

is being sent out to orbit and the components have to be able to withstand the low 

temperature. To achieve this, the board will put through tests that will simulate these 

conditions. Using the data collected from these tests as well as results from the functionality 

tests, the OBC will be modified accordingly. For example, one flaw discovered during 

functionality testing is that the power that energizes the microchip is able to be turned off 

which is not ideal for the design. The end product will then allow the students to stack and 

add their own modules on top of the OBC to be able to perform the task they need such as 

adding cameras or an altitude control system.  
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ABSTRACT 

 

The Space Technology Augmented Retention Path (STARPath) program at The University of 

Texas at El Paso (UTEP) has been developing multiple on-board computers (OBC) and 

electrical power systems (EPS) compatible with the Arduino IDE programming environment. 

These CubeSat boards have been manufactured and populated to test for programming 

capability and electrical circuit redesign. If functionality tests are successful, boards will be 

tested for durability in harsh environments to safeguard its operability.  

 

1 Background 

The CubeSat project has been in development since 1999, when the California Polytechnic 

State University and Stanford University paired up to define the CubeSat standards and 

specifications for creating small satellites for low earth orbit (LEO). Furthermore, the 

international approach has yielded a massive developer community of over 100 universities, 

high schools, and private firms working on picosatellites containing scientific, private, and 

government payloads[1] . Since the standard has been adopted by multiple organizations 

worldwide, it became an international collaboration, facilitating frequent and affordable 

access to space with launch opportunities available on most launch vehicles. The goal of this 

distinctly customizable OBC, is to promote an engaging and rich environment where High 

School students can acquire component skills, practice integrating them, and to enhance the 

quality of student learning. 

 

2 CubeSat  

2.1 Introduction  

A CubeSat is a small satellite that are categorized in different “units” that describe their 

dimensions. For example a 1U is a CubeSat that will have a 10x10x10cm cube geometry, and 

they can vary from 2U to 6U[2]. Thanks to the relatively inexpensive opportunity CubeSat 

missions bring, the STARPath program at UTEP, as of the end of 2017, has been focusing on 

influencing young high school students to pursue a career in engineering.  
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The program is being piloted in a project-based engineering environment within four area 

classrooms. These include: 

1. Bowie High School 

2. Burges High School 

3. Riverside High School 

4. Fabens High School 

Students participating in these educational environments will receive a CubeSat kit with the 

necessary tools to begin programming. These being: An AC/DC Variable Bench Power 

Supply, Multimeter, Soldering Station, ESD Mat, and Wrist Wrap, a small tool kit 

(screwdrivers and the like), a Solderless Breadboard, and an Arduino Uno Starter Kit. Thanks 

to the STARPath program, the students will also acquire a laptop with all necessary manuals 

and programs. In addition, the possession of multiple boards will allow them to stack them 

together and interface them to execute different tasks, like operating cameras and antennas, a 

Global  Positioning System, operating solar sails, regulating power systems, etc.  

 

2.2 On-Board Computer Specifications 

The OBC and EPS modules have been designed and manufactured at UTEP, and can be 

successfully programmed with the Arduino IDE software and is currently undergoing 

functionality testing. This combined module complies with standard CubeSat form factor and 

features on-board temperature monitoring, voltage and current sensing capabilities, as well as 

control over 6 output power rails plus 3 primary power buses that are always on. Concerning 

the 6 switchable power rails, they are configured via a solder jumper to either 3.3 or 5 volts. 

Furthermore, the always-on buses, that are fuse protected, provide raw battery voltage, as 

well as 3.3 and 5 volt supplies with a peak discharge of four amps. As we can see in Figure 1, 

the board has been designed around the Microchip PIC32 platform of embedded 

microcontroller. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Populated Circuit Board (OBC) 
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2.3 System Testing and Future Improvements 

During testing, the two undergraduate students working on the project noticed a minimal 

design flaw with greater involvement. Alan E. Rivas and Adrian Belmontes, distinguished 

that the power rail buses were too close to solder appropriately, and that it is an aspect of 

critical redesign since trying to solder the board in these particular sections can damage it 

substantially. Another flaw these students discovered during a functionality test, was that the 

power going into the Microchip can be turned off. This being a critical aspect that they 

propose for redesign. The students are continuing to manually test the OBC, and when 

functionality tests are complete they will proceed with durability tests in harsh environments 

like low earth orbit. Since the boards will be exposed to a great amount of vibration during 

their trek to space, it must be able to withstand the turbulence. Soon, these boards will be 

tested in simulating environments to determine operability and be able to join 811 CubeSats 

that have been launched since January 1st, 2018[3]. 
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Abstract: 

A conceptual model of a 3U CubeSat, named IRISSPO, which stands for Infra-Red Imaging, Spectrometer and Space 

Particle Observatory, has been considered by senior students aiming to measure the temporal changes of greenhouse gases, 

surface temperature and ion detection for five years around the globe from 600 km above the surface. Most of the components 

and payloads are selected as COTS components to frame the manufacturing time within two years. Orbital selection and 

parameters were chosen based on the needs of instruments and to ensure the survivability of a small satellite. The EPS system 

was considered to power all subsystems and be able to last for the life of the satellite mission. A deployable solar panel system 

has been designed to generate adequate power and Li-polymer batteries are considered as the charge storage system to power the 

satellite in eclipse. A thermal and structural analysis of the 3U CubeSat is under consideration and will be presented in the 

conference. 

Introduction:  

The design of CubeSats was first proposed in the late 1990’s to give engineering students hands-on experience with 

satellites without the large expenses associated with actual, full size satellites. The basic CubeSats have a range of functions 

from remote sensing and imaging to communications [1]. The main benefits of a CubeSat are the low expenses and off the shelf 

availability of components. CubeSats have taken advantage of the miniaturization of electronics such as cameras, GPS, and other 

sensors that have become much smaller since the beginning of the satellite age. As the technology of these devices has 

improved, so to has the adaptability of CubeSats. A drawback of CubeSats is their small size and relatively short life span. 

CubeSats are normally launched in LEO orbit and only survive anywhere from a few months to a few years before re-entering 

the atmosphere. The small size also allows for limited shielding from radiation which can be detrimental to the smaller 

electronics inside.  

The focus of IRISSPO is environmental monitoring on Earth, that is, temporal distribution of Green house gases, 

surface temperature and the relativistic particles in near-earth space. In order to record all the orbit data successfully, the team of 

senior students has been working to determine the missions, payloads, structural layout, orbital parameters and power system 

through a PDR and CDR. In the second semester, the team is focusing on the structural integrity, thermal analysis and detailed 

radiation analysis which still need to be done, as well as a few small design adjustments that will be corrected.  

Objective:  

As senior UTEP Mechanical Engineering students, it is important that we thoroughly understand the design process, 

enable critical thinking, and learn to troubleshoot before establishing our professional careers. Product realization is a long and 

iterative process as a single overlooked detail often results in failure. In order to better understand this process, we have 

considered a 3U CubeSat with specified payloads and their supporting subsystems.  

If this project were to be implemented and pursued for launch, the impact would be substantial for the team, as well as 

UTEP and the Engineering department. It will increase awareness to ample dangers the world is currently face such as pollution 

and global warming. The ability to monitor the relative health of our planet and surrounding atmosphere is a major goal in the 

science community today. 

Missions Selection: 

Pollution is becoming a major problem in heavily populated cities, and countries that are heavily industrialized, which 

ultimately affects the whole globe. This pollution can cause major problems for the inhabitants and the surrounding environment. 

For the first mission, IRISSPO will use an IR spectrometer (Argus 1000 by Thoth) to map the levels of certain gas species and it 

temporal change in time for five years. The gas species that are visible to the spectrometer are: Oxygen, Carbon Dioxide, Water, 



Carbon Monoxide, Methane and Hydrogen Fluoride [2]. The data can be used to obtain the levels of the greenhouse gases present 

as countries try to become greener and limit their environmental impact to prevent global warming.  

For the second mission, the IR imager (SCS Gecko) will be used to map and investigate the temporal changes of the 

temperature of the surface of the earth. As we deal with the reality that is global warming it is important to see these effects and 

study their changes as time goes on. Creating a temporal map of surface temperature allows research to be done on the effect of 

greenhouse gases on land surface temperature, and how rising land surface temperatures affect glaciers, ice sheets, permafrost, 

and the vegetation in Earth’s ecosystems [3]. 

As humans increasingly continue to rely on space technology, it is important to understand and forecast space weather. 

Of main concern are solar energetic particles (SEPs), protons and electrons blasted from the sun at nearly the speed of light after 

a solar flare [4]. For the third mission, IRISSPO will integrate a similar device to the Relativistic Electron and Proton Telescope 

integrated little experiment (REPTile), a miniaturized detector for a CubeSat Mission to measure relativistic particles in near-

Earth space. By making in-situ measurements of particles associated with solar flares, a better understanding of the source, loss, 

and transport of energetic electrons can be achieved, therefore mitigating the risks of airline flight crews and passengers, loss of 

navigation capabilities due to increased error in GPS, and loss or degradation of radio communications. The particle detectors 

ultimate objective is to enable a warning system for any operations that may be harmed as a result of space weather, both in 

space and on Earth’s surface. 

Concept of Operation (CONOPS)  

As soon IRISSPO is ejected from the rocket, we start our countdown on each stage. The first thing to accomplish is to 

activate EPS and OBC, at time 30min, solar panels will deploy and start to harvest solar energy depending on the orientation. At 

time 35min the antenna is deployed and will have a continuous beacon (transmission). By estimation, at time 40min we should 

be able to have the first transmission to ground station (UTEP) with continuous beacon. Subsequently, the first transmission will 

run housekeeping data to provide health and status of batteries, position and temperature. After 13 cycles, depending on the 

separation from the rocket, IRISSPO will be aligned to ground station and mission sequence command will be uploaded. Every 

time IRISSPO is aligned with ground station, we have a time window of approximately 20 minutes to download mission data. 

We will rotate between the 3 missions every 13 cycles to reduce data size and power consumption. The life expectancy of 

IRISSPO depends on many factors such as radiation exposure, thermal cycling, solar degradation, and orbital degradation. We 

have performed some basic simulation analysis using STK to verify we will have at least 5 years of operation.  

 
Figure 1 – CONOPs sequence 

 

Orbit Selection:   

 

Because we would be sending only one satellite and not a constellation, it is important that this orbit will enable 

IRISSPO to effectively cover the maximum amount of area on Earth’s surface. The two imagery payloads, have a combined 

maximum distance threshold of 600km to collect accurate data. For our orbital parameters we will be in a sun-synchronous orbit 

using an eccentricity of 0 which indicates that we will be in a circular orbit to get the same scan area for the imagers. The 

inclination will be set at 98° with a plane of reference as the equator. This inclination was chosen to help reduce some of the 

surface charging and radiation associated with traveling through the aurora at the poles. The longitude of ascending node will be 



0° so that the satellite is able to cover new ground on each pass. For our right ascension of ascending node, we chose 0° which 

yields 64% sunlight and 36% dark. 

 

 

Satellite Architecture: 

                             
Figure 2 - IRISSPO CAD model showing solar wings in deployed state                                   Figure 3 – Satellite subsystem architecture 

Structure (STR) 

 The CubeSat frame will a be a 3U structure designed by ISIS (Innovative Solutions in Space) and built from 6061-T6 

aluminum. We will be using a folding wing solar panel array that will deploy upon ejection from the designated launcher. A 

vibration analysis will be done and included before the conference. The total mass of the CubeSat will be about 4.5kg. 

 

On Board Computer (OBC) 

 The OBC will be the CubeComputer built by CubeSpace and it will be an all in one package with the attitude 

determination and control system. It will function as the brain of the satellite and has a 32-bit ARM Cortex-M3 based MCU with 

4-48MHz at 1.25-1.52 DMIPS/MHz [5]. It has a 32KB EEPROM, 4MB flash for code storage, 1MB external SRAM for data 

storage and a MicroSD socket for storage up to 2GB [5]. It communicates with 2 x I2C interface with multi master capabilities 

and 1 x CAN interface capable of standard and extended data and remote frames [5]. 

 

Payloads 

Argus 1000 IR spectrometer: It is built by Thoth technologies, utilizing a near nadir-pointing configuration, can record 

infrared radiation emitted from the Earth's surface and atmosphere to space. By application of optical absorption spectroscopy, 

absorption and, consequently the column densities of particular atmospheric gas species may be obtained [2]. 

 SCS Gecko Imager: RGB images are captured directly to the integrated mass storage at up to 5 frames per second using 

a matrix sensor in snapshot (global shutter) mode [6]. These images will then be used to compose the thermal map of the Earth 

surface. 

 REPTile: The Relativistic Electron and Proton Telescope integrated little experiment (REPTile) is a solid-state particle 

detector designed to measure solar energetic protons and relativistic electrons in Earth’s outer radiation belt [4].  

 

Communication (COMM) 

 The transceivers chosen for the communications are both from EnduroSat and they are the UHF transceiver type II and 

the S-Band transmitter. These systems are stackable to co-exist and function as a complete communication system for IRISSPO. 

The S-Band patch will be used for mission data and will have downlink frequency of 2.45GHz. The deployable dipole antenna 

will function as the telemetry and telecommand and the beacon will be at a frequency of 440MHz. For the uplink we are using a 

frequency of 146MHz from the ground station.  

 

Guidance Navigation and Control (GNC) 

There are two critical components to the guidance navigation and control (GNC) aspect to IRISSPO’s architecture: The 

Attitude Determination and Control System (ADCS) and the Global Positioning System (GPS). The former will allow the two 

imagery payloads to be pointed in the correct direction during imaging operations, and the latter will provide time, space and 

position information (TSPI) for each image that is taken. The GPS will also allow for system automation to enable the sending of 

mission data once the satellite is over the ground station. This will occur after 13 complete orbits every 21 hours. The ADCS 

performs attitude determination by using a magnetometer and sun sensors. The sun sensors, which are already integrated onto 

the solar panels, will allow the satellite to determine a correction angle for maximum solar power harvesting. The magnetometer 

uses the magnetic field around earth to determine its orientation with already developed algorithms. The reaction wheels will 

allow fine-tuning of where the imagers are aimed through the conservation of angular momentum as they spin around the 3-axes. 

 

 

 



Electrical Power System (EPS) 

The EPS is responsible for providing enough power for the CubeSat during each mission. In the space environment, 

solar power is a great renewable energy source that can be utilized for this purpose. Because IRISSPO’s orbit does not allow it to 

consistently be exposed to the sun, batteries are also needed for energy storage. The EnduroSat EPS Type I PLUS was chosen 

because of its power management and distribution abilities as well as its large energy storage of 20.8Wh. It also has internal 

heaters that allow it to maintain the proper temperatures to prevent failure while on the eclipse side of Earth. For the solar panels 

the Endurosat X/Y panels were chosen to ensure product compatibility with the EPS, as well as their optimal performance specs 

for the mission requirements. After preliminary calculations were conducted a 34-panel set up was chosen to meet the power 

needs of the mission as displayed in figure 4.  

 

Figure 4 - EPS architecture 

Time Line and Future Plan: 

 

Figure 5 - Tentative timeline for IRISSPO mission 

Conclusion: 

 Senior students have proposed a conceptual model of a 3U CubeSat with three main missions, Green house gases 

detection, surface temperature measurement and ion detection considering all aspects. This senior design project has been a 

highly integrated effort. Choosing missions that have real world significance was a challenge given the limitations of the 

CubeSat platform and the availability of off the shelf components. Understanding how all the components of the CubeSat work 

and be able to determine how they will integrate with one another has been an invaluable learning opportunity for senior students 

look to pursue careers in the aerospace industry. Being able to identify real world problems and analyzing ways of solving them 

is what being an engineer is all about. 
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ABSTRACT 

Cube satellites have been successful for space research in educational institutions. With strict 
size dimensions and requirements, a CubeSat (Cube Satellite) is designed specifically for 
orbital research. Due to the success and cost-friendly of such satellites, landing missions have 
considered CubeSats. In this article, the design of a carbon fiber composite leg with a single 
acting, spring loaded cylinder is analyzed and optimized to provide a soft landing to the 
surface of the Apophis Asteroid located near Earth. The CubeSat’s mission conveys a variety 
of challenges and restrictions that directly influenced the design process; therefore, the 
optimization of the struts of the landing system is based upon the anchoring system using a 
harpoon. The anchoring method for this mission influences the design and performance of the 
landing legs of the CubeSat. To efficiently design, analyze and prepare the CubeSat’s landing 
system for all the environment’s and loading conditions that the Cube Sat will be exposed to 
during the execution of its mission, Apophis Asteroid is researched to understand its 
composition, its extreme conditions, and parameters. In addition, the extensive use of 
software such as SolidWorks, MATLAB and Simulink are essential to analyze, test, optimize 
dimensions of mechanical design and simulate the result of operating under certain scenarios. 
Possible materials that could potentially operate under to Apophis’ conditions are researched; 
taking under consideration the operation conditions of the mission and mechanical properties 
such as mechanical strength, ductility, availability, and stability.  
Spring and damping mechanisms essential to secure the functionality of the landing system 
and success of the mission are also being researched. The Hertz Theory is being implemented 
to simulate the loading parameters that the legs are going to be exposed to, making possible 
to derive calculations justifying the materials selections and mechanical design of the landing 
system. 
 

1 Mission Requirements and Specifications 

1.1 Landing System Overview  
The landing system for a mission to land on the Apophis Asteroid consists of three main 
components: anchoring mechanisms, stability and support. To provide these, the landing 
system is separated into two designs: one in which a harpoon system would be used as the 
anchoring system, and the second would be the design of the landing struts (legs) to provide 
stability and support. Thrusters would be the main influencers in the direction, trajectory, and 
deceleration of the CubeSat. The harpoon system would then launch, anchor, and latch at a 
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certain distance above the surface and recoil the rope to allow the CubeSat to approach the 
asteroid’s surface in a vertical direction. When the CubeSat reached the origin, the first 
impact will be received by the landing legs; therefore, for support and stability of the system, 
an analysis and separate design is done to the landing legs.  
 
1.2 Design Requirements 
The system must be autonomous and sustain a minimum mass of 12 kg, should at least have 3 
landing legs for minimum support, and each leg must be able to rotate along its horizontal 
axis with only one degree of freedom to be able to enter and exit the CubeSat. The landing 
system must be designed under 6U dimension requirements and save as much space as 
possible for other mission components. System must provide a soft-landing and optimize to 
account for less energy absorption. 
 
2 Design Process 

The Design Process was conditioned by the given requirements and standards, moreover the 
mechanical design of the landing system had to be compatible with the harpoon landing 
system and additional components needed for the mission, conditioning the amount of 
volume available for the legs of the system. In addition, that nature of the mission itself 
determined that the legs of the Cube Sat are not allowed to be outside of the Cube Sat before 
the launch process because they could potentially compromise the launch process. Since at 
the beginning of the mission the landing system had to be inside of the Cube Sat, certain 
active mechanisms had to be implemented to unfold the legs before landing into Apophis 
eliminating the possibility of having a passive system. In order to unfold the legs, it was 
determined that the legs should have only the degree of freedom of rotating about its 
horizontal axis, having only one degree of freedom could potentially present less 
complications during the operation of its functions. Certain torque has to be provided in order 
to rotate the legs, it was determined that the torque should be provided by a rotational spring. 
The spring is going to be compressed by a wire while the legs are inside of the Cube Sat, 
when ready to unfold an electric current will burn the wire and the spring will rotate the legs. 
The motion provided by the torque has to stopped at a certain point before landing occurs, a 
lock mechanism was crucial for this task, the locking mechanism consists of a compressed 
spring with two metal pellets attached to each end of the spring. When the legs are in a 
position ready to land, the spring will return to its storing position and the metal pellets will 
introduce of some holes stopping the motion of the leg caused by the torque. Having a 
minimal magnitude of gravity in Apophis made it necessary to “damp” the impact energy 
upon landing, for that reason a gas damper was utilized in the mechanical design inspired by 
the dampers used in the trunk of the vehicles and public doors. Since the gas damper had to 
be attached to the leg upon landing and the leg is undergoing rotational motion, the joint that 
connects the gas damper with the leg was design dynamically using some rails that restrained 
the degrees of freedom of the joint only in the vertical direction, more over since having a 
joint that can move could help to maintain the stability of the Cube Sat if the landing occurs 
in uneven terrains. The part of the leg the comes in contact with Apophis is a semicircle 
providing more surface area reducing the amount of stress generated in that part of the leg. 
Lastly it was determined that the mechanical design should consist of 4 legs to mitigate some 
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moments of inertia that could harm the balance of the Cube Sat and provide a higher degree 
of stability and resistance to loadings and stress. The outcome the Mechanical Design 
resulted in a design inspired by the anatomical dynamics of the leg of a human with the 
degrees of freedom that a knee joint provides crucial for the rotation and stability of the 
landing system. The following the Nomenclature used in Figure 1 and Figure 3: A-Cube Sat, 
B-Semicircle leg ends, C- Gas damper, D- Joint connecting damper and leg.  
 
 
 

                                                                                             
 

Figure 1. Cube Sat Isometric View: a) legs ready to land and b) Leg detail 

 
Figure 2. Cube Sat Isometric View (fold legs) 
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Figure 3. Cube Sat Bottom View (fold legs) 
 

2.1 Material Properties  
Taking under consideration the conditions that the landing system will be exposed to, the 
selection of materials for landing system had to be made carefully. For example, the legs of 
the landing system are composed of carbon fiber. Carbon fiber is characterized for high 
resistance to extreme temperatures, strength to weight ratio, toughness, and outstanding 
chemical resistance [1]. Beryllium Copper, is widely known for assisting in space missions 
due to its low porosity and high ductility. This design’s main concern derives to compressed 
and elongated springs for long periods of time. For this, special derivations must be made to 
efficiently test and analyze the spring’s material resistance to deformation. Beryllium Copper 
C17200 is the most commonly specified alloy that attains the highest strength and hardness of 
any copper base alloy. After careful study, Beryllium Copper detains an outstanding fatigue 
strength and resists to fatigue in reverse bending and vibrations.; great for a torsional spring. 
This material also provides great wear resistance and presents complete resistance to high 
deformation. Finally, its resistance to extreme temperatures such as very low cryogenic 
temperatures is what makes Beryllium Copper perfect for this project’s springs. [2] 
 

 
Table 1. Beryllium Copper Mechanical Properties 

 
 

 

Table 2. IM7 Carbon Fiber Mechanical Properties [3] 
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2.2 Damping Mechanisms 
Since the gravity magnitude Apophis is minimal, reaching and escape velocity is not a 
difficult task, in fact the escape velocity of Apophis is close to 0.108 m/s in comparison to 
Earth’s escape velocity that is is close to 11200 m/s. Since reaching the escape velocity in 
Apophis is not a difficult endeavor, it is crucial to have certain damping mechanisms in order 
to absorb some of the impact energy upon landing. Not only damping mechanisms have to be 
implemented but also materials that have a high strain energy in order to avoid brittle 
fractures and absorb impact energy upon landing. For the design of the legs, a gas damper is 
implemented in order to decrease the restoring force after landing, The Gas damper consists 
of a piston-rod system with nitrogen gas and oil as lubricant, when a force is applied by the 
piston rod on the gas, the gas undergoes compression or extension and exerts an opposing 
force to the force apply by the piston rod when the piston attempts to occupy the volume that 
was initially occupied by the gas; oil will be used as a lubricant to reduce friction on the 
system, this same principle will be applied upon landing when Apophis exerts pressure upon 
landing[4]. Since there is requirement and a challenge that deals directly with the amount of 
space available for the design, the gas damper was design under the principle of the Russian 
Nesting Doll in order to save amount of space available without interfering with the desired 
leg dimensions. Figure 4 and Figure 5 demonstrates this principle. 

 
Figure 4. IM7 Gas Damper Compressed 

 
Figure 5. IM7 Gas Damper Compressed 



 

6  

KINEMATIC ANALYSIS AND OPTIMIZATION OF A CARBON FIBER 
COMPOSITE LEG USED FOR A CUBE SATELLITE LANDING SYSTEM 

 

 
 

References 
[1] Carbon Fiber. (2017, September 06). Retrieved March 16, 2018, from 

http://www.hexcel.com/Resources/DataSheets/Carbon-Fiber  
[2] Beryllium Copper UNS C17200. (2015, November 04). Retrieved March 16, 2018, from 

https://www.azom.com/article.aspx?ArticleID=6326 
[3] Copper Alloy. (2018, March 03). Retrieved March 16, 2018, from https://www.makeitfrom.com/material-

properties/UNS-C17200-CW101C-Beryllium-Copper 
[4] How gas springs work. (2017, June 29). Retrieved March 16, 2018, from 

http://www.explainthatstuff.com/gassprings.html  
 
 



The Southwest Emerging Technology Symposium 2018 

 
ABSTRACT 

A CubeSat is a miniature space research satellite that is comprised of 1000 cm cubic units 
and can have several units per CubeSat. California Polytechnic State University and Stanford 
University developed CubeSat standards in 1999 to promote design, manufacture, and testing 
of small satellites intended to perform scientific research functions[3]. This project is for the 
demonstration of innovative additive manufacturing capability within a 1U CubeSat structure 
with the addition of supplemental research project. CubeSats are usually flown in Low Earth 
Orbits. One of the primary challenges of this particular flight mission is that it will be flown 
into a Geostationary Transfer Orbit, and therefore will go through the Van Allen Radiation 
Belt. This poses the challenge of needing protection from radiation and additional testing. 
This CubeSat, the Orbital Factory II (OFII), will comprise of several commercial off-the-
shelf (COTS) modules as well as some in-house custom built components. One of the 
principal payloads to be tested is the custom built 3D printer using silver ink to print an 
electrically conductive trace to simulate solar array panel repair. This paper will go into detail 
of the software development aspect of the 3D printer, the overall scheduler, and the methods 
of testing currently being conducted for the COTS modules.   
 
 

1 Software Development 
1.1 3D Printer  

The code written for the printer is intended to drive a stepper motor in one axis to release 
silver ink across a PCB board. The biggest obstacle faced was to determine a way of 
locating the printer when the CubeSat initially launches. Without knowing this location, it 
would not be possible to program the distance of the trace that should be printed. This issue 
was resolved by designing a homing mechanism on one end of the printer, establishing a 
baseline position before the printing process begins. In order to release the ink, a burn wire 
mechanism is used with a compressed spring being released once the burn wire is popped. 
Therefore, the code is separated into 3 different subroutines: homing, burnwire, and 
running. The homing subroutine states that the printer should continue to run until contact is 
made with the metal homing mechanism. Since a stepper motor is being used, the printer is 
moved using pulses that are sent to the motor at certain duration based on the speed wanted 
for the printer. Once the printer is at home position, this subroutine is exited. The following 
is the homing code as written using MP Lab. The code is color-coded with blue words 
meaning keywords specific to MP Lab’s built-in library, and green meaning setting 
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variables to a certain value. Black denotes variables or methods created by the user. This 
color-coding will be followed throughout the code within the rest of this paper.  

 
       void Homing(long Duration, int Pitch) { 

           DirectionPin = HIGH; 
       EnablePin = LOW; 

                                           while(HomingPin==LOW) { 
StepPin = HIGH; 
Delayms(Duration); 

StepPin = LOW; 
Delayms(Duration); 

} 
} 

 
The burnwire subroutine is then entered. In this subroutine, a current is sent to the burnwire 
in order to heat it enough to pop the wire, which decompresses the spring and releases the 
ink. The following is the code that was written: 

void BurnWire() { 
while(BWirePin==HIGH){  

BWireOut = HIGH; 
} 
if(BWirePin==LOW){ 

BWireOut = LOW; 
} 

} 
 
As soon as the wire is burned and the spring is released, the running subroutine is entered in 
which pulses are sent to drive the printer a certain distance. The following equation was 
used to determine the amount of pulses required for that distance: 

 
Inches             revolution              20 steps              16.5 pulses    =      26400 pulses           
                      0.0125 inches         revolution                   step                            inch 
 
The following is the code for the running of the printer: 
 

void MotorDriver(long Duration, int Pitch) { 
        for (i = Count; i < 2000; i++) {   
                StepPin = HIGH; 
                Delayms(Duration); 
                StepPin = LOW; 
                Delayms(Duration); 
                Count++; 
           } 

} 
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1.2 Scheduler  
The purpose of the scheduler is to determine the order of execution of events and to run each 
event in that order. This has been done using 3 subroutines: setup, task order, and running. 
The setup routine is to determine the priority of each task within the CubeSat, and whether or 
not it is ready to run. For example, shortly after housekeeping of the overall CubeSat has 
been done, the printer is one of the main payloads and therefore given a high priority. The 
printer is ready to run if all components such as the burnwire and the homing mechanism are 
detected. If the printer is now on the highest priority and is ready to run, the subroutine to run 
the printer methods is then called through the running subroutine of the scheduler. Once 
completed, it returns a 1 or 0 based on whether the routine was a success. If for example the 
printer fails to pop the burnwire, it will return a 0, and the printer will again be given a 
priority to be run again within the task order subroutine. The scheduler goes through each 
module based on the aforementioned priority and performs these same steps until no task is 
left. Since the scheduler code is not as concise as the printer code, no written code will be 
shown for the purposes of this paper.  
 

2 Software Testing  
Due to the COTS modules being purchased from several vendors, there was slight variation 
in the methods of software testing for each module. The necessity of this testing arises from 
the fact that each module has built-in code with limitations in debugging. When the user 
writes code, it is simple to know what debugging processes to use. Testing and debugging 
becomes more difficult when it is code written by a different company.  

2.1 Electronic Power System 
The EPS is a module made by GomSpace and uses its own terminal for communication. It 
consists of a watchdog timer used for overall housekeeping, and contains 2 batteries.  

 

 
 

 
 

 
 

 
 

 
 

Fig.1. Electronic power system 



The watchdog timer resets every 5 seconds automatically to ensure proper timing[1]. The way 
that this feature was tested was by implementing a manual reset on the watchdog timer and 
seeing if the system reboots as expected. The integration and separation switches were tested 
in the same way by ensuring functionality through simple commands. Additionally, the 
GomSpace Shell (GOSH) terminal was connected to for retrieving housekeeping data to 
verify that data is being collected. The EPS collects data through the I2C interface and was 
used to measure four temperatures, current into and out of photovoltaic power converters, 
photovoltaic input voltage for each input converter, battery voltage, total current into the 
output bus converters, and the number of latch-up events detected for each power output 
channel[1].   

 
2.2 UHF Transceiver  

The UHF Transceiver is also from GomSpace and uses the GOSH terminal for 
communication. Once connected, the parameter of the transceiver can be checked and 
changed. The Transceiver has a Bit Error Rate (BER) testing feature in which two different 
error counters are calculated to get the BER[2]. A modulated sequence of ‘01010101” was 
generated through the terminal to ensure that the proper BER is being sent. Currently, reading 
of a radio signal transmission is being planned and the proper equipment needed to do so is 
being purchased.   
 
 

 
 
 
 
 
 

 

 
 

 
 

 
  

 
 

 
 
 

Fig. 2. UHF Transceiver Exterior Fig. 2. UHF Transceiver interior 
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ABSTRACT 

Cubesat projects are designed to generate working space systems for students. The goal of 

this project is to create a 2U Cubesat module with a robotic arm with an attached claw that 

will collect 50 grams of particle sample from a low-density asteroid called 99942 Apophis. 

The sample will be tested in a Sensor Lab included in the Cubesat and sent back to Earth via 

telemetry. In order to make the arm to move, it is necessary to calculate the necessary torque 

to calculate the power and get the appropriate motors. First, the equations for inverse 

kinematics were found to get the values for theta at each link. Then, the equations for the 

Dynamic Model were used to obtain the final value for the torque. Length, mass, and inertia 

values were taken into consideration to obtain the final value. Finally, a Matlab code was 

created to make calculations easier. A code with the equations and all the parameters as 

dimensions and mass was created as well as a diagram in Simulink to run those equations. 

The parameters were changed in the three different positions which are the initial, middle, 

and end position. The maximum torque was found in the middle position when the arm 

collects the sample.  

 

1. Mechanical Design 

During Fall 2017 a robotic arm assembly was requested for the implementation within a CubeSat, 

under the advisory and mentorship of Dr. Angel Flores Abad. The robotic arm assembly began during 

this semester. Due to regulations and restrictions, the design had to be manipulated and remastered. 

The initial robotic element was brainstormed and designed with the assistance from Senior Design 

student Steve Griffin, from the Mechanical Engineering Department at UTEP. Steve co-leaded the 

team through research and development of the robotic arm assembly. (Fig.1.) 
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Fig.1. Left, the first prototype attempt of the arm assembly and first prototype attempt towards the gear 

assembly. Right, purchasable worm and worm gear parts which were the closest failed sizing attempt. 

This part of the design was focused on the arm’s joint assemblies. During the process, certain 

drawbacks gave rise to complex problems such as the limitation from the 2U dimensions which were 

restricted to a 10x20 cm compartment. The main issue was figuring out the size and dimension 

adequate for a functional working assembly that would in turn be manufactured and put into service. 

The first team advanced the project into a stage of basic and functional design idea and dimensions, 

but the issue came with finding the appropriate parts that would make a prototype possible. The design 

had some clearance issues and parts were not readily available for purchase due to the size of the 

requested measures. The only viable method was through custom manufacturing which was limited 

to a restricted budget. 

On Spring 2018 Senior Design student Cesar E Dominguez for the Mechanical Engineering 

Department was set to develop a viable cost-effective redesign of what the first team had developed. 

This team was set to develop and lead the project into a prototyping stage. Intense research was done 

to find parts that would be readily available for purchase which would comply with the needs of the 

design. The entire architecture of the arm assembly had to be redesigned and adjust in order to meet 

the needs of the purchasable parts. 

Purchases were concentrated through US companies that would be able to provide the requested parts 

for the development of the design. The aluminum-based structure would be manufactured through 

CNC machining, while small components, such as, gears, motors, bearings, sockets, etc. would be 

purchased. An issue emerged when locating a proper worm and worm gear that would fit the design; 

this was one of the most complex stages of the parts development. Companies were limited to their 

gear sizing and would not accommodate for our requisites. The assembly required a 1cm long worm, 

which resulted in a failed attempt to locate for purchase since sizing was nowhere near the adequate 

dimensions (Fig.2.). 

A tough developmental stage was generated for the planned manufacturability of the worm and worm 

gears. Research was done in regard to clearances (Fig.3.) and sizing for an attempt in minimizing 

failure due to teeth brittleness or proneness to fracture. A custom design for the worm and worm gear 

had to be made. At this point in time the project will be passing through the final design and 

prototyping stage. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2 Left image demonstrates the custom-made worm and worm gear assembly clearances. Right image 

depicts a design of the arm assembly close to the final product without the Claw attachment. 

 

 

 

 

 

 

 

 

 

 
Fig.4. Exploded View of the redesigned gear assembly 

2. Inverse Kinematics  

Inverse kinematics is “a technique that provides automatic movement of objects. It allows 

elements of an object to be linked, such as the parts of an arm or leg, and causes them to 

move in a prescribed, realistic manner [1]”. The upper and lower arms are moved by rotation 

and then the wrist, in this case the “claw”, is also moved which is called the end effector 

through the goal. It is needed to first create a model (arm and claw), then link those parts and 

create pivot points. Inverse kinematic equations were found in order to get the values for 

theta 1 and theta 2, for each link respectively. First it is necessary to have 𝑃𝑥 , 𝑃𝑦 , 𝑎𝑛𝑑  𝑃𝑧 which 

are the coordinates where the arm is positioned.  These values changed for the three different positions 

(initial, middle, and end). Also, the lengths 𝑙1 𝑎𝑛𝑑  𝑙2 which correspond to each link needed to be 

considered to use the equations. The equations used to get theta 1 and theta 2 are as follows: 



  𝜃1 = arctan (
𝑃𝑧

√𝑃𝑥
2+𝑃𝑦

2
) − arctan (

𝑙3 𝑠𝑖𝑛𝜃3

𝑙2−𝑙3𝑐𝑜𝑠𝜃3
)  (1) 

    𝜃2 = arctan (
√1−𝑐𝑜𝑠2𝜃3

𝑐𝑜𝑠𝜃3
)                (2) 

 

After applying these equations, the final position and orientation can be obtained.  

 

 

 

 

 

 

 

 

Fig 5. Position of the two links is shown.  

3. Dynamic Model  

The dynamic model represents the performance of an object over a period of time. It is “the 

study of the relation between the applied forces/torques and the resulting motion of an 

industrial manipulator [2]”. It has two models which are the direct and inverse model. For this 

project the inverse model was used because velocities and positions were known and it was 

needed to calculate the torque. It is fundamental to find the vector (τ) in order to get the 

trajectory.  After having the trajectory the analysis and simulation can be done.  The arm 

consist of two rigid links of length 𝑙1 and 𝑙2 and mass 𝑚1𝑎𝑛𝑑 𝑚2, respectively. 𝑙𝑐1 𝑎𝑛𝑑 𝑙𝑐2 

correspond to the distance between the axis of rotation and the center of mass. The moments 

of inertia are denoted by 𝐼1 𝑎𝑛𝑑 𝐼2.  The lagrarian method is used to obtain the final equation 

for the torque. This method explains the effects of mechanical changes. It involves kinematic 

and potential energies. The kinetic energy equation is decomposed in two parts related to 

both masses 𝑘 (𝑞, �̇�) =  𝑘1(𝑞, �̇�) +  𝑘2(𝑞, �̇�). Then with the x and y coordinates for each link 

the velocity vector can be obtained for both links. The potential energy equation is also 

decomposed in two parts related to the masses from which the lagrarian equation can be 

obtained. Properties from each link and kinetic and potential energy equations need to be 

considered in order to apply the equations for the dynamic model as follows:  

     

 



 For the torque at link on                       

  𝜏1 = [𝑚1𝑙𝑐1
2 + 𝑚2𝑙1

2 + 2𝑚2𝑙1𝑙𝑐2 cos(𝑞2) + 𝐼1 + 𝐼2]�̈�1                       

+ [𝑚2𝑙𝑐2
2 + 𝑚2𝑙1𝑙𝑐2 cos(𝑞2) + 𝐼2]�̈�2                                                    (5)        

− 2𝑚2𝑙1𝑙𝑐2 sin(𝑞2) �̇�1𝑞2̇ − 𝑚2𝑙1𝑙𝑐2 sin(𝑞2) �̇�2
2                             

+ [𝑚1𝑙𝑐1 +  𝑚2𝑙1]𝑔𝑠𝑖𝑛(𝑞1)                                                                                       

+ 𝑚2𝑔𝑙𝑐2 sin(𝑞1 + 𝑞2)  

For the torque at link two  

          𝜏2 = [𝑚2𝑙𝑐2
2 + 𝑚2𝑙1𝑙𝑐2 cos(𝑞2) + 𝐼2]�̈�1 + [𝑚2𝑙𝑐2

2 + 𝐼2]�̈�2               (6)    

+  𝑚2𝑙1𝑙𝑐2 sin(𝑞2) �̇�2
1

+ 𝑚2𝑔𝑙𝑐2sin (𝑞1 + 𝑞2) 

Gravity can be neglected since the robot will be working at an asteroid in space. With these 

equations the maximum torque was obtained.  

 

 

 

 

 

 

 

 

Fig 6. Dimensions and positions of the angle theta are shown 

 

4. Matlab  

A code in Matlab, which is software “that combines a desktop environment tuned for iterative 

analysis and design processes with a programming language that expresses matrix and array 

mathematics directly [3]”.  Inverse kinematic and dynamic model equations were used for the 

code to make calculations easier. First, a code defining all the parameters such as mass, 

lengths, inertia, etc. was made. Then, a diagram in Simulink, which is a Matlab feature to 

create simulations, was made to run those equations. In the diagram, a box with a code for 

trajectory, kinematics, and dynamics was created.  Using the appropriate components to 

connect them, the values for x, y, and z position, angles, and torque were given. The 

parameters were changed for every position in order to get the maximum torque which is at 

the middle position. After having the torque value the following formula of power was 



applied:  Power (kW)= Torque (N.m) x Speed (RMP)/ 9.5488 in order to get the correct 

motors.  Graphs and diagrams were obtained from the simulation.  

 

 

Fig. 7. Shows the trajectory at the starting point, when the arm starts to reach the sample   

 

 

 

Fig 8. Shows the trajectory at the middle point, where the sample is collected and maximum 

torque is obtained.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Fig 9. Shows the trajectory at the end point when the sample is placed in the lab 

module.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 10. Shows the graph for maximum torque (middle point). 
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Abstract 

  Topological optimization and generative design are both engineering design approach 
methods that aim to improve the design by providing unusual design ideas. Topological 
optimization searches for the best organization of material and material density based on the 
required inputs and boundary conditions of the design. Generative design method mimics nature 
to create numerous design possibilities that also maintain the original conditions. Our research in 
topological optimization will be conducted in both Fusion 360 and Altair Hypermesh, and our 
generative design research will be conducted in Autodesk Netfabb. All of these programs are 
being utilized for the optimization of the CROME 500 lbf LOX/LCH4 Engine Module. 

 
1. Introduction 
The recent advancements in 3D printing have created opportunities for complex           

manufacturing which allows unlimited designs that are now reasonable for production.           
Generative design and topological optimization are two forms of exploring these numerous            
possibilities. Topological Optimization (TO) is a design method with the objective of            
determining the best distribution of material based on given structural and geometric constraints.             
Generative Design Method(GDM) is a design method that uses nature’s evolutionary approach to             
create different design possibilities. This research will aim at using both GDM and TO to               
optimize the CROME engine that will be used as the main propulsion system for a demonstration                
suborbital vehicle. This will be done by creating an envelope CAD model , of the CROME                
engine, that will be then used in Altair Hypermesh, Autodesk Netfabb, and Autodesk Fusion 360               
to create numerous GDM and TO designs.  

 
2. Methodologies and Software 
 
2.1 Engine Envelope 
The “Engine Envelope” is the theoretical negative space of the CROME engine system             

generated as a solid object. This envelope allows for the optimization softwares to generate              
material pathways between the set boundaries. The envelope was designed to only have the              

1 
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features that hold the engine in place and that allow for the engine cage to be held by the thrust                    
module. A space with a diameter of 9 inches was left at center to allow tubing and valves to be                    
placed in the area.  Fig 1 shows the original design for the engine cage and the envelope in a solid                    
and transparent form.  

 
  
 
 
 
 
 
 
 
 
The envelope will then be adjusted to have features that will allow all the components of                

the CROME engine to be included. The holes that are included in the envelope will be used to                  
apply constraints. The holes at the top of the envelope will be fixed in displacement and rotation.                 
The CAD will be made using NX 10 and Solidworks.  Fig 2 shows the dimensions of the current                  
envelope. 
 

2.2 Topological Optimization 
 

To reiterate, Topological Optimization (TO) is a       
design approach to find the best layout of material based          
on structural and geometry constraints. Using the engine        
envelope, we can simulate multiple material pathways       
based on how the model is constrained. We will be using           
Fusion 360 and Altair Hypermesh as our softwares for         
Topological Optimization. Fusion 360 is a recently       
published software by Autodesk; it provides tools       
necessary for topological optimization simulation in      
addition with major features from contemporary CAD       
software. This will allow us to quickly update the engine          
envelope regarding the results from simulation. We will be         
using Altair Hypermesh along with Fusion 360 to compare         
and verify different results from simulation. 

 
 

 

2 
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2.3 Generative Design 

 
Generative design is a design process that intends to save time by generating a large               

quantity of results with a single set of inputs. It saves money by reducing the number of                 
necessary parts and reducing the amount of needed material, and it boost creativity by displaying               
unordinary design ideas. It mimics nature by using its self-organizing tendencies as a basis and               
by using natural selection to further filter results. In addition, it has thermal and mechanical               
boundary condition options that allow for custom variability in the design results. Our main tool               
in attempting to utilize Generative Design will be Autodesk Netfabb.  
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ABSTRACT 

 

This paper is a summary of a proposal which have been prepared to provide options and 

recommendations for the telemetry, tracking, and control (TT&C) infrastructure for the 

Orbital Factory II mission. Orbital Factory II is a 1U Cube Satellite which will be deployed to 

the Geostationary Transfer Orbit. The paper includes recommendations on options for buying 

a ground station for Fabens, TX, as well as options for leased ground station networks and 

options for volunteer ground stations. These stations are expected to receive UHF & S-Band 

radio signals from small satellites.  
 

1 Summary of OF-II Communication Subsystem  

Orbital Factory II will utilize two frequency bands. A UHF deployable dipole antenna from 

EnduroSat will be OF-II’s primary communication system as a dipole provides an 

omnidirectional radiation pattern that increases the chance of reception. This is important as 

OF-II lacks attitude control. Further, UHF is a well-developed and cost-effective frequency 

band, with many ground stations supporting UHF.  

OF-II’s secondary communication system is an S-band patch antenna provided by Lockheed 

Martin Space Systems. This patch antenna is experimental in nature. Further, the radiation 

pattern of a patch antenna is more directional in nature, decreasing the chance of signal 

reception. As such, S-band has a lower priority than UHF. The S-band system is controlled 

by an ISISpace TXS S-Band transmitter. The S-band system does not support uplink.  

2 Concept of a Ground Station network  

Getting signal from small satellite like OF-II is a critical & challenging issue as they have 

less transmit power and a very high altitude. In order to provide global coverage, a network 

of ground stations will be required. Ground stations can either be built and funded by UTEP, 

leased from for-profit companies which provide ground station networks, or be operated by 

Universities, amateur radio clubs, and private individuals who are either volunteers or have a 

memorandum of understanding with UTEP. An effective solution will utilize all three of 

these categories.  

2.1 Building a Ground Station  

In order to build a ground station for UTEP, several fundamental components are required: 

• Antenna(s) with sufficient gain and frequency band 

• Azimuth/Elevation (AZEL) mount for tracking capability 
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• Controller for the AZEL mount 

• Transceiver/radio for each frequency band 

• PC/Server to connect the ground station to UTEP and any required third-party 

networks 

Most vendors will supply all of these components except the transceiver/radio, software, and 

PC/server as a turn-key solution. The high gain required for a GTO mission poses a unique 

challenge as the larger antennas lead to increased costs in the AZEL hardware. The AZEL 

tends to be the most expensive piece of ground station hardware. Further, care must be taken 

such that the AZEL will not be overloaded as this will lead to premature failure. If the surface 

area is too great, then a radome will also be required to protect antenna systems from the 

elements, such as wind loads, which also drives up prices. Building a ground station to 

support both UHF and S-band poses the additional challenge of requiring a unique antenna 

and transceiver/radio to support both frequency bands. If both antennas are installed on a 

single AZEL, this can also overload the AZEL. For a system capable of producing adequate 

gain for a GTO mission, it is recommended not to combine UHF and S-band as this drives up 

the cost dramatically. 

 

2.2 Leasing a ground station network 

 

Several companies offer the ability to lease a ground station network. These networks are 

made up of ground stations placed all over the world. These companies primarily target 

customers in commercial bands, however several state that they have ground stations 

available on amateur bands. Some of these companies even offer the option of assisting 

UTEP in building a ground station, then taking in UTEP’s ground station as a node, such that 

when it is not being utilized, UTEP’s ground station will be leased to other users with UTEP 

receiving a share of the revenue. However, there are still questions about this model which 

have yet to be answered, such as if its use on the amateur band will violate FCC and ITU 

regulations regarding amateur usage, and how liability will work for UTEP if UTEP were to 

participate in revenue sharing. 

 

2.3 Volunteer ground stations 

 

There are many universities, amateur radio clubs, and even private individuals all over the 

world who operate UHF and S-band ground stations. These ground stations vary in 

performance from handheld receivers all the way up to large antenna arrays and parabolic 

dishes. Due to FCC and ITU requirements, ground stations operating on the amateur band 

cannot charge for their services. However many of these organizations are willing to 

volunteer their services and some have even offered to sign a memorandum of understanding 

regarding becoming a primary ground station for OF-II. The International Amateur Radio 

Union (IARU) has a requirement for small satellites utilizing the amateur service to publicly 

release information regarding how to communicate with the satellite, which will open up the 

possibility for any amateur radio operator to receive information from the satellite.  
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3. Proposed solution for satellite signal reception  

 

The scope of this proposal is to recommend a hybrid approach to the ground station 

development for OFII and future missions at the University of Texas at El Paso. The proposal 

contains two parts, first part is for UHF and second part is for S-Band. We highly recommend 

both as the solution for OF-II communication.  

For UHF communication, the proposal approach will possess a turnkey cost of $45,250 USD. 

This option serves the purpose of receiving OF-II signals from 20 ground stations around the 

world and include a dual yagi antenna installation with receiver and tracking services. TT&C 

support will be received from RBC signals, Infostellar will be responsible for developing the 

station. As per our recommendation, this setup will be using a GOMspace radio. For a UHF 

comprehensive communication solution total cost will be $45250. A summary table is shown 

below. Later on reasons will be provided for selecting this option. 

 

Service Name: Capabilities Cost 

TT&C support 

from RBC signals 

RBC Signals will provide access to their 

UHF antenna systems equipped with 

compatible ground radios at twenty 

locations all over the world to support 

communication requirements of OF-II.  

The final antenna locations will be 

confirmed at a future point 

Every pass costs $80 and a 

onetime $3000 service 

agreement. For 5days of 

OF-II mission the total cost 

will be $11000 for TT&C 

support. 

Ground Station 

setup by 

Infostellar 

Total hardware for ground station:  

- 395-405MHz Circular Polarized Yagi 

Antenna - 435-470MHz Circular Polarized 

Yagi Antenna 

Dual Yagi antenna’s for receiving 

frequencies in range of lower and upper 

UHF bands 

 - AZ/EL Motorized Mount (Rotator) 

 - PC interface for AZ/EL Motorized 

Mount 

 - Cables, other parts, etc. 

 

 

 

 

$16000 

Gomspace receiver Nanocom GS100 radio $8250 

Installation 

support from 

Infostellar 

Installation, set-up and service - Additional 

parts, cables and other hardware - Two on-

site technicians for five days 

** **does not include pre-approved travel 

expenses will be passed through at cost 

 

 

$10000 

Total costs  $45250 
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4. Analysis on the proposed solution 

There are several reasons for selecting the proposal options. For TT&C support we have 

selected RBC signals as our main service provider. RBC is a rapidly growing company who 

provides services such as real-time space communication technologies. RBC has a large 

ground station network containing more than 20 antennas all over the world.  RBC could 

partner with UTEP to have us host an antenna and our STK analysis will be used for RBC 

ground station location to predict the passes and we have observed adequate passing time for 

all their stations. RBC signals have experience working with GOMspace and ISIspace from 

whom we have purchased our transceivers. This will help to extract the data received from 

the satellite  

Infostellar is a Japanese company who has lot of experience in setting up ground stations. The 

UHF antenna Frequency Range is 430 To 438 MHz with a gain of 18.9 dBic and ellipticity of 

1.5 db Typical which is capable of receiving OF-II signal with -120dBm of received power. 

The antenna provides nearly 18dB of gain and the rest of 102 dBm can be achieved from the 

GOMspace receiver to close the link. It is estimated that at the FABENS-E35 location, 

assuming clear line of sight and minimal interference, an UHF carrier (f=436 MHz), a G/T 

(Figure of Merit) of -12.62K dB/K and C/N0 (Carrier to Noise Density ratio) of 65.48 dB-Hz 

can be achieved at data rates 1200 bps with good margins at. Insfostellar technicians will be 

responsible for developing the whole turnkey system after integrating the additional 

GOMspace receiver. So, it could be highly effective for UTEP as it reduces complexity and 

available at comparatively lowers cost. 

 

4.1 Ground Station Network working principle:  

 Figure: Ground Station Network 
Architecture 

 

 

 

Ground Station Network Device will be installed 

at each ground station. The GSN device is 

comprised of a data transfer module and a 

Software Defined Radio (SDR). The function of 

this equipment is used to provide a 

communication channel between each ground 

station to the central server. In addition, the GSN  

device is used to transfer the mission data from 

ground station PC and I/Q data from SDR to be 

collected in the central server. Moreover, it shall 

access to the central server to a satellite operation 

schedule that used to control each ground station.  

The central server has a database to accumulate 

the mission data that has been received from 

satellite and collect the satellite operation 

schedule to send to command each ground 

station.The central server will be located at 

UTEP.  Mission Control Centre is used to 

program the satellites operation schedule 

following the project mission and send to collect 

in the central server.  
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Abstract 

This document provides the procedure for verification, validation and performance testing of 

communication subsystem of cube satellite. Current cube satellite project (OFII) consist of two 

communication modules. One module of the project is for UHF band operation with GFSK 

modulation/demodulation technique enabling transceiver option at 435 MHz to 438 MHz 

operating Frequency. In addition, the second module that has S band operation with the modulation 

scheme of BPSK will work as transmitter only at 2441 MHz operating frequency. 

Testing of UHF and S band modules 

Spectrum analyzer will be used to measure of Centre Frequency, IF Frequency, Bandwidth and 

Gain, 1 dB compression point for both UHF and S band modules. For the quality of modulation 

and demodulated signal pattern will be observed using Vector Signal Explorer (VSE). To find the 

accurate power for both communication module power sensor will be using at the same time. 

Finally, S11 parameter of the both UHF and S band antenna will be measuring with Vector 

Network Analyzer (VNA). 

RF Specification of the Communication Modules and Antennas 

Table 1 is the RF specification summary for the UHF band transceiver and S band transmitter and 

Parameter UHF Band S Band 

Operating Frequency 35.0 MHz – 438.0 MHz 2441.0 MHz 

Output Power 24 dBm – 30 dBm 28.5 dBm 

Peak Power 30 dBm 35.4 dBm 

Peak ERP 30 dBm 35.4 dBm 

Modulation Type GFSK, GMSK BPSK 

Antenna Gain >0 dBic 6.9 dBic 

Polarization LHCP or RHCP with regards 

to the Antenna orientation. 

Right Hand Circular 

Radiation Pattern Omni Omni 

Table 1: RF specification of the Communication Modules and Antennas 

mailto:mleverett@utep.edu


the antennas will be using for specific band operations. 

Spectrum Analyzer 

Spectrum analyzer will play an important role to look at frequency spectrum of the signal. At first, 

this testing will be to see overall spectrum of the modulated signal whether it is wide or narrow 

band that could introduce interface(1). Secondly, will be testing spurious/unwanted signal. In 

addition, center frequency, bandwidth for the both communication module will be observe. Figure 

1 shows the testing setup of the communication module with the spectrum analyzer. 

 

 
 

Figure 1: Connecting DUT with the Spectrum analyzer 

Power Sensor 

Power sensor is a device that will measure the accurate power in terms of both dBc and watt. Power 

sensor will receive the power from the communication module and will send the appropriate power 

reading to the ZNL FPL1 module to display the exact value of the scaled power. Figure 2, shows 

the Power sensor set up with ZNL and the DUT (UHF Transceiver and S Transmitter) 

  
 

Figure 2: Setup for the DUT through power sensor with the ZNL. 

Vector Signal Explorer (VSE): 

Vector Signal analyzer will be used to analyze high-resolution in-channel spectrum measurement, 

demodulation and advance time-domain analysis. Figure 3 shows the testing setup of the 

communication module with the Vector Signal Explorer. 



              

 

Figure 3: Setup of the communication module with the Vector Signal Explorer 

 

Vector Network Analyzer 

The main purpose of the Vector network analyzer use is to find the S11 and S22 parameter of the 

antenna initially. That S11 can give us a very accurate prediction about the antenna gain and return 

loss. Figure 4 shows the set up for the antenna S parameter measurement with the vector network 

analyzer. 

 

              
 

Figure 4: Set up for the antenna S parameter measurement with the vector network analyzer. 

Discussion 

All the measurement analysis have been designed for verification, validation and performance 

testing of the communication subsystem of cube satellite developed by the University of Texas at 

El Paso. 

References  

[1.] R. B. Blackman, J. W. Tukey, “The measurement of power spectrum from the point of view of 

communications engineering-Part I”, The Bell System Technical Journal, January 1958. 

 



The Southwest Emerging Technology Symposium 2018 

 

ABSTRACT 

The objective of this study is to examine the reliability of a Multiple Endmember Spectral 

Mixture Analysis (MESMA) approach applied to NASA reflectance measurements from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) sensor in aim of identifying 

various semi-arid land-cover types across Texas, New Mexico, and Oklahoma. MESMA 

provides the ability to identify various land-cover classes at the pixel scale and also allows 

combination of endmembers to represent a single pixel.  This article reports on the data and 

methodology, initial analysis test-runs, and preliminary results of this analysis. Future method 

refinement will allow a 20-year spatial temporal analysis to be conducted over our region 

providing an accurate and efficient technique to characterize land-cover dynamics with 

regards to producing better regional climate and air quality predictions.  

 

1. Introduction 

 

This study looks into the reliability of a Multiple Endmember Spectral Mixture Analysis 

(MESMA) approach applied to reflectance measurements from NASA’s Moderate 

Resolution Imaging Spectroradiometer (MODIS) sensor in aim of identifying various semi-

arid land-cover types across Texas, New Mexico, and Oklahoma.  We are especially 

interested in bare-soil identification since these wide-spread areas have been observed to be 

the major source of dust during large-scale dust storm events [1].  MODIS is part of the 

Terra/Aqua satellite platform and together produce global data images every 1 to 2 days 

allowing regional-scale analysis to understand changes in Earth's oceans, land, and lower 

atmosphere [2]. MESMA is based on the Spectral Mixture Analysis (SMA) image processing 

algorithm which seeks to determine the likely composition of each image pixel and is based 

on a user created spectral library [3]. In other words, SMA provides the ability to identify 

various land-cover classes at the pixel scale, but comes with the limitation that 2 or 3 

endmember combinations are assigned to the entire image and cannot vary per pixel [4].  

MESMA overcomes this limitation by allowing each pixel to be classified using the best 

possible combination of endmembers and/or pure endmember which is selected automatically 

by a fully constrained least squares approach [5]. Testing of the MESMA algorithm has been 

conducted on a 2017 spring MODIS tile and has provided the base of our results allowing 

further refinement and experimentation. The data, methods, preliminary results, and 

discussion of this test run are reported in this article.   
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2. Data 

 

The spectral surface reflectance data product (MOD09GA) is our platform database and was 

acquired from NASA's Earth Observing System Data and Information System 

(https://earthdata.nasa.gov). Data image was ordered and downloaded by selecting the 

appropriate product name (MODIS/Terra Surface Reflectance Daily L2G Global 1km and 

500m Grid V006). MOD09GA provides seven reflectance spectral bands on a daily gridded 

L2G product with their appropriated sinusoidal projection. These MODIS bands are 500-

meter spatial resolution which offer quick processing time while still retaining reliable insight 

into trends and spatial distribution of dust storm sources. Detailed information for the seven 

MODIS land reflectance band is provided in Table 1.  

 

3. MESMA Analysis 

 

A spectral library of 14 endmembers, including bare soils and associated soil types from the 

Southern Plains has been collected by the extraction of spectral endmembers from the input 

image. The library includes various rock, vegetation, and soil type classes.  Collectively these 

endmembers will create the reference spectral library used to perform the spectral analysis. 

Linear spectral mixture analysis assumes that the radiance measured at the sensor is a linear 

combination of radiances reflected from individual surfaces [6]. In multiple endmember 

analysis, the number and type of endmembers are varied across the pixels of the image 

instead of being set for the entire image. Three endmembers namely: vegetation, soil, and 

rock classes are considered in this study. The mathematical formulation of MESMA is 

provided below (1): 

 

∑ Yiλ
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7
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Where Yiλ is a spectral mixture from MOD09GA images of pixel i which is modeled as the 

sum of three endmembers, βi1, βi2, and βi3 which are the fractional abundance values in pixel 

i for vegetation, soil, and rock endmembers respectively,  𝝀 is the number of spectral bands 

(in this study they are 7), Viλ, Siλ, and Riλ are the spectral reflectance value in pixel i of 

vegetation, soil, and rock endmembers respectively, and εiλ is the residual term in pixel i 

which represents the unmodeled portion of the spectrum. The spectral reflectance value for 

the endmembers is determined using the Hyperspectral Material Identification tool in ENVI 

software by integrating the spectral signatures provided in its spectral library. The 

aforementioned linear mixture analysis equation can be formulated by the following matrix 

form (2): 
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The MESMA analysis is performed by preparing an algorithm in Matlab. In this analysis, we 

initially used a fully constrained least square approach [7]. The fully constrained least squares 

implies that the abundance fractions βi1, βi2, and βi3 of each pixel i are constrained with the 

abundance sum-to-one constrained least square mixture analysis (3) and abundance non-

negativity constrained least square mixture analysis (4), which constraints the fraction values 

to equal or greater than 0.  

 

  βi1 +  βi2 + βi3 = 1                                                      (3) 

 

 βi1 ≥ 0, βi2 ≥ 0, and βi3 ≥ 0                                                (4) 

 

Again, instead of using a single spectral reflectance values for each endmember, different 

combinations of spectral band values for each endmember are considered (Fig 1). Then out of 

all the possible combinations, the combination of endmembers that produces the lowest Root 

Mean Square Error (RMSE) is selected for the pixel.  

 

4. Preliminary Result  

 

The abundance maps of rock, soil, and vegetation do seem to follow natural distribution of 

the known landscapes. Areas with high abundance of one land type did correctly show low 

abundance of the other two.  The error associated with these maps varied from 0.01 to 0.3 

providing good confidence and modeling coverage. It must be noted that this initial test run 

was applied to the entire MODIS tile and included areas of Utah and Colorado.  This run 

allowed us to test our algorithm and make sure it was providing the expected outcomes.  Yet, 

in order to achieve the high quality maps useful for land managers, the following refining 

steps will be undertaken: 1.Mask the MODIS tile and extract new region, 2. Extract higher 

quality image endmembers from new region and compare with federal soil libraries, 3. 

Include lab measured field samples from known dust source points. Validation of these 

images will also be conducted using 15-m spatial resolution ASTER data to investigate 

reliability and accuracy of MODIS 500-m data. 

 

5. Discussion 

 

MESMA applied to MODIS reflectance data has effectively demonstrated its potential for an 

accurate and efficient means of extracting valuable land cover data from already existing 

satellite products.  Further testing and refinement will accurately evaluate its potential, but if 

successful, has the capability to be used by local and regional land managers with software 

and hardware already installed in their facilities.  Getting a higher resolution analysis of land 

cover dynamics, especially bare soil, will increase our understanding of the nature and 

distribution of mineral dust particles in this region and prove useful in generating better 

regional climate and air quality predictions and informed decision-making. 

 

 

 
  



Table 1. Illustrates the 7 MODIS bands used to create land cover endmembers for MESMA analysis. 

 

 

 
Fig 1. Illustrates all possible combinations used in the MESMA analysis. 
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Data 

Group 
Band 

Bandwidth 

(nm) 
Units 

Fill 

Value 
Valid Range 

Spatial 

Resolution (m) 

Scale 

Factor 

500 m 

1 620 – 670 Reflectance -28672 -100 to 16000 500  0.0001 

2 841 – 876 Reflectance -28672 -100 to 16000 500 0.0001 

3 459 – 479 Reflectance -28672 -100 to 16000 500 0.0001 

4 545 - 565 Reflectance -28672 -100 to 16000 500 0.0001 

5 1230 – 1250 Reflectance -28672 -100 to 16000 500 0.0001 

6 1628 – 1652 Reflectance -28672 -100 to 16000 500 0.0001 

7 2105 - 2155 Reflectance -28672 -100 to 16000 500 0.0001 
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ABSTRACT 

This paper presents a novel progressively-spiral-out (PSO) path for a team of cooperative 
unmanned aerial vehicles (UAVs) to perform an exhaustive search of mobile smart targets in 
a specified area. The dynamics of the proposed PSO path is designed to a conservatively 
compensate the mobility of smart targets.  The proposed PSO path is compared with a 
baseline raster path in Monte Carlo simulations, which show that the PSO path outperforms 
the raster path on the basis of detection rate.  
1 Introduction 
Unmanned aerial vehicles (UAVs) have been witnessed in many applications, such as 
Intelligence, Surveillance, and Reconnaissance (ISR), precision agricultures, and search and 
rescue[1]. A significant capability of UAVs to support these applications is searching for 
targets of interest in a specified area. Algorithms have been presented that optimally search 
an area for targets, including a greedy search algorithm[2] and the ones based on probability 
maps and coordinated UAV control[3]. However, these reported works do not provide an 
exhaustive search that incorporates the mobility of targets. In other words, the detection of 
targets is not guaranteed.  
 
Previous research reveals the spiral-out and the spiral-in path planning methods[4][5] for 
exhaustive search, which, however, are merely one-time approaches and were not tested in 
Monte Carlo simulations. Our previous work[6] presented a progressively-spiral-out (PSO) 
path planning approach, which exhaustively searches for mobile targets and creates a non-
intrusive region. This paper extends this work by testing the PSO path in searching for smart 
target, which is done in Monte Carlo simulations. The results show its effectiveness in 
comparison with a baseline raster path.  
 
The remainder of the paper is structured as follows. The preliminaries and problem 
formulation are presented in Section 2. The derivation of the PSO path is presented in Section 
3. Finally, the simulation results are presented in Section 4. 
2 Preliminaries and Problem Formulation 
The setup for the PSO path is as follows. Consider N UAVs equipped with gimbaled cameras 
are originally distributed evenly in a horizontal plane over a flat terrain with no a priori 
information of target locations. The angular separation between two UAVs, φ , is given by 
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2
N
πφ =

.     (1) 
The diameter of the camera footprint, fovD , cumulatively creates a confidence area which is 
decreased over time by the possible motion of targets. The targets have an assumed 
maximum speed, tV , and the UAVs fly at a speed uV . The radial position, ( )ir t , for a the ith 
UAV is relative to the Origin, O , and has an angular position of ( )i tθ . The derivation of the 
initial circular motion can be found in our previous work[6]. The initial motion for the UAVs 
flying at the initial radius, initialr , for a given amount of time, initialt , are defined as follows 

2(1 / )
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 .     (3) 

3 Progressively Spiral Out 
After completing the initial circular motion, UAVs follow a spiraling out path and 
constructively build a continuous confidence area. The full derivation of the PSO path can be 
found in our previous work[6]. The differential equation of motion for the PSO path is given 
by 

     ( )
2 ( )

fov u
t

i

ND V
r t V

r tπ
≤ − .     (4) 

The derivation of this formula is based on a spiraling out pattern while taking into 
consideration the possible target motion. This target motion limits the maximum radius 
achievable by the UAV team. The maximum radius grows proportionally to the number of 
UAVs and is given by 

max 2
fov u

t

ND V
r

Vπ
=      (5) 

3 Simulation results 

 
Fig.1. The smart target follows the field lines that a dipole would produce, creating a field 
that “pushes” the target out of the path of the UAV. 
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3 

To test the ability of the PSO path to detect smart targets, 1000 Monte Carlo simulations were 
performed. Targets are placed randomly in the search area. One to four targets are used, 
where 1000 simulations are used for each number of targets. The targets are not allowed to 
move outside the searchable area which is limited by the maximum searching radius of the 
PSO path. The smart targets move with a di-pole avoidance scheme[7],which is visualized in 
Fig. 1. Each UAV creates a di-pole field and the targets act as a single charge. 
 

Table 1. Smart Target Detection Rate Comparison for 1000 simulations. 
    Single UAV Two UAVs 

# of Targets PSO Raster Path PSO Raster Path 
1 100% 88.2% 100% 98.3% 
2 100% 79.3% 100% 95.8% 
3 100% 71.7% 100% 94.4% 
4 100% 61.5% 100% 91.9% 

 
The results of the Monte Carlo simulations are shown in Table 1. A time-limit was introduced 
to avoid an infinite loop in the simulations. The time limits were 203.27s and 399.43s and the 
search radius was 156.10m and 262.21m for one and two UAVs, respectively. The PSO path 
outperforms the raster path for smart target detection.  
3 Conclusion 
This paper further develops our previous work[6]. The progressively spiral out (PSO) path 
guarantees detection of mobile targets within a bounded area. The formulas for the PSO path 
are presented. The UAVs spiral out and approach a maximum radius. Through Monte Carlo 
simulations, the PSO path is compared with a baseline raster path. Smart targets avoid the 
UAVs using a di-pole avoidance scheme. The results show that PSO outperforms the baseline 
path and successfully detects smart targets with a 100% detection rate. 
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ABSTRACT 

Additive manufacturing (AM) technology is capable of fabricating parts with complex 

geometrical shapes and contours in a short period of time, relative to traditional fabrication 

processes that require several post processing steps such as machining, stamping, etc. Fused 

Deposition Modeling (FDM) technology is a widely used AM process for fabricating complex 

and irregular shaped objects with polymers. FDM popularity has rapidly increased due to its 

affordability and the adaptation of the technology into desktop printers. However, the presence 

of scattered porosity and lower mechanical strength compared to other manufacturing 

processes, are the major problems for FDM fabricated specimen. To address these problems, 

an approach was employed to reinforce 3D printed polycarbonate (PC) parts with carbon fiber 

(CF). ASTM D638 Type I specimens were fabricated with interruptions in the printing process 

to manually embed CF. Specimen contained either one, two, or three layers of embedded CF. 

Results demonstrated maximum 77% increase in tensile yield strength of the specimen, and 

from microstructures, multiple regions were found with zero porosity. 

 

1.0 Introduction 

Reinforcement with continuous fibers without the use of epoxy has not been studied for parts 

fabricated using the material extrusion AM process. Tekinalp et al. (2014) printed additive 

manufactured specimen with ABS filament reinforced with short Carbon fiber (CF) and the 

painted specimen resulted 76.8% increase in tensile strength [1]. Ning et al. (2015) printed 

specimen using ABS filament reinforced with CF and the resulted specimen showed 25% 

increase in tensile strength [2].  Tian et al. (2016) embedded continuous CF using liquefier and 

exits simultaneously with the PLA thermoplastic melt where the CF (27% by wt.) reinforced 

PLA specimens showed flexural strength and modulus of elasticity values of 335 MPa and 30 

GPa, which are much higher than the one without CF [3]. Strength of fiber reinforced polymers 

highly depended on bonding between fiber and polymer. Naaman et al. (1991) reported that 

bond shear stress and relative slips are the major factors behind debonding of the fibers from 

composites [4]. In this work, PC was reinforced with CF, and its tensile strength was 

characterized and then explained using porous behavior from the microstructures. To the best 

knowledge of the author, no previous work has been performed on embedding continuous 

epoxy-less CF in 3D printed Polycarbonate (PC). 
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2.0 Methodology  

An FDM 400mc (Stratasys, Eden Prairie, MN) material extrusion machine was used to print 

ASTM D638 Type I PC specimen. Four different sets of samples were printed: PC with no CF, 

and PC with one, two, and three layers of CF. Each set consisted of seven samples, where each 

sample was fabricated by 13 printed layers. A number of pauses were introduced, depending 

on the layers of CF to be embedded, for the printing process to be automatically interrupted. 

At the printer’s paused state, CF was manually embedded, shown in Fig.1a., using one drop of 

Permabond 820 high-temperature-adhesive (Permabond engineering adhesive, Pottstown, PA) 

at each corner. After the adhesive application, heat and pressure were applied through Kapton 

film on the embedded surface (Fig.1b.) for better bonding, and printing was then resumed. 

Fig.1c. & Fig.1d. show printed PC specimens of all four types. Tensile test was performed 

according to ASTM D638 standard using a Instron 5866 testing machine (Instron, Norwood, 

MA) with strain rate of 5 mm/min, and the cross section was viewed using Hitachi TM 1000 

scanning electron microscope (SEM) (Hitachi High-Technologies Europe GmbH, Germany).   

 

 

Fig.1. Fabrication of 3D printed PC with CF (a) 

CF embedded on PC at specific inserted pause, 

(b) application of Kapton film to apply heat and 

pressure, (c, d) final specimens with zero, one, 

two, and three layers of CF 

 

Fig.2. Results of tensile yield strength (at elastic 

limit) of 3D printed specimens of all four sets of 

samples with standard deviation (σ±) (five 

specimens were used for each set) 

3.0 Results and Discussion 

Tensile test results were obtained and displayed in Fig.2. This figure provides a visual 

representation of the relationship between tensile strength and number of embedded CF. It was 

clear that tensile strength increased as the number of embedded CFs increased. It should be 

noted that tensile strength at the elastic yield point was reported, and that the set of PC 
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with three layers of CF and PC without CF showed tensile strength values of 47.9 MPa and 

27.12 MPa respectively at elastic yield point. The difference demonstrated a 77% increase in 

mechanical strength. Considering the volume fraction of reinforcement (CF) in the specimen 

only varied from 0.01 to 0.04, PC-CF specimen showed considerable percentage increase of 

tensile strength. Note that, experimental strength (47.9 MPa for PC with three layers of CF) 

was 232% higher than theoretical strength (14.4 MPa for PC with three layers of CF). One of 

the reasons behind the increased strength, was that embedding of CF decreased the presence of 

porosity. Fig. 3a. shows a micrograph of PC with no CF, where large shaped voids are visible 

throughout the entire surface. In contrast, PC with one layer of CF (fig. 3b.) shows a certain 

zone without voids, referred to as a Zero Porous (ZP) Area. Fig. 3c. shows that ZP areas in-

between the two embedded CFs and also the upper region of the 2nd CF. PC with three fibers 

shows the entire surface without any voids (fig. 3d.). To illustrate these phenomena, CF 

(thickness 0.15 mm) was embedded without any introduction of a cavity because the minimum 

layer thickness of FDM 400mc was 0.25 mm. The extruded material that should have been 

placed on the PC surface if CF was not present, flowed over the CF and filled the voids. This 

lead to specimen with less porosity and a better PC-CF bonding surface, resulting in improved 

tensile strength of PC with increased layers of CF. 

4.0 Conclusion  

Reinforcing 3D printed PC with CF showed a maximum 77% increase of tensile properties 

than PC with no CF. Improved strength was the combined effect of both reinforcement with 

500 µm 250 µm 

500 µm 500 µm 

(a) 
(b) 

(c) (d) 

Fig. 3. SEM micrographs of polished surfaces of 3D printed PC specimens along cross section (a) PC 

with no CF shows larger shaped voids, (b) PC with one layer of CF shows both Zero porous (ZP) area 

and voids, (c) above 90% of ZP area is found for PC with two layers of CF and, (d) PC with three layers 

of CF showed completely ZP area 

Zero porous (ZP) area  

Carbon fiber  

Carbon fiber 

Zero porous (ZP) area  

Porous part  



CFs and reduction of porosity with the application of CF. From micrograph analysis, PC with 

two and three layers of CFs showed significant zero porous regions which is comparable with 

PC without CF.  
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ABSTRACT 
Stereolitography (SL) 3D printing technique was utilized to fabricate piezoelectric photopolymer 
based polyvinylidene fluoride (PVDF) composites. Different process variables, such as solvent 
(N,N-Dimethylformamide, DMF) to PVDF ratio and PVDF solution to photopolymer resin ratio, 
were engineered to optimize the dispersion of the PVDF into the photopolymer resin so as to 
achieve the maximum piezoelectric coupling coefficient. Our results demonstrate that a ratio of 
1:10 (PVDF:DMF) and 2wt.%-PVDF/photopolymer resin was optimal for the best dissolution of 
the PVDF, 3D printability, and piezoelectric properties. Under these conditions, the composite 
generated ± 0.121 nA under 80 N dynamic loading excitation. 
 
1  Introduction 

Polyvinylidene fluoride (PVDF) is a widely studied polymer for its high ferroelectric response 
among polymers [1-3]. PVDF is a semi-crystalline material that has a unique molecular 
conformation with repeated unit of (−CF2−CH2−) that has large dipole moment of 7.58 × 10-28 
C·cm [4]. Due to its large dipole moment, it displays excellent piezoelectric properties. Along with 
its high piezoelectric response, PVDF’s chemical robustness, mechanical properties, low-cost, and 
high flexibility make it an ideal material to be used in the areas of tactile and strain sensors, 
transducer, and energy storage, etc.   
Recently, additive manufacturing technologies have been introduced manufacture 3D piezoelectric 
composites [5-6]. SLA was the first additive manufacturing process introduced in the mid-1980s 
[7]. It manufactures a 3D structure based on photopolymerization of liquid resin consisting of a 
mixture of monomers, photoinitiator that inititate the polymerization, and cross-linkers, that 
improve mechanical properties. Researchers fabricated piezoelectric composites using Digital 
Light Processing (DLP), which falls under the category of SLA, using photopolymer resin based 
BaTiO3 (BT) nanocomposites [8]. This technique can produce 3D structure of piezoelectric 
composites with high piezoelectric coefficient (~39 pC/N) after thermal poling post-process [8].  
In this study, the fabrication of piezoelectric photopolymer based PVDF composites was 
investigating using SL 3D printing technique. DMF was utilized as a solvent to uniformly disperse 
the PVDF molecular chains into the PR. In this regard, optimal ratios between PVDF and DMF, 
and between PVDF and the PR in terms of 3D printability, and piezoelectric properties were also 
studied.  
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PVDF/PHOTOPOLYMER RESIN COMPOSITES FOR 
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2 Experimental  

2.1 Synthesis and fabrication 

PVDF powder was dissolved in N,N-Dimethylformamide (DMF) at a temperature of 75°C in a 
water bath for 15 minutes. The commercially available photopolymer resin was added to the PVDF 
solution keeping the temperature steady during the whole synthesis process. This photopolymer 
resin consists of a mixture of methacrylate monomers, oligomers, and photoinitiator. Then, the 
mixture was stirred by hand for 10 minutes to achieve uniform distribution. A schematic for the 
synthesis process is shown in Figure 1 (a). A commercial SLA 3D printer (Form 1+, formlabs) 
was used for the sample fabrication. The composite resin was used as the photopolymer resin and 
samples of 30x5x1 mm were fabricated as seen in Figure 2 (b). A layer thickness of 100 microns 
was used for all samples. The fabricated samples were rinsed with ethanol to remove any residual 
resin and dried for 15 hours to remove the DMF. The samples were poled under an electric field 
of 3 MV/m for 15 hours in order for it to display piezoelectric properties under the dynamic load 
testing.  

Figure 1. (a) Schematic illustration of the synthesis process for PVDF/Resin composites, (b) composites resin placed 
in resin tank of the bottom-up projection based SL 3D printer and 3D printed composites samples on the bottom-up 

building platform, and (c) prepared samples for analyses (from left, pure PR, 1, 2.5, and 5wt.%-PVDF/PR).  

2.2 Experimental Setup 

Silver paint electrodes 3x10 mm were painted in the top and bottom surfaces of the samples. This 
electrodes were extended using copper tape to allow proper connection with the Pico-ammeter for 
current measurement as shown in Figure 2 (a). Dynamic force was applied on the piezoelectric 
composite to produce a periodic output current. The fatigue loading frame generated 30 cyclic 
loads with a frequency of 1 Hz on the sample under different forces ranging from 0 to 80 N in 20 
N increments. 

 

Figure 2. Schematic illustration of (a) sample and electrode design and (b) the experimental setup for piezoelectric 
output measurement. 



3  Results and discussion  

The 3D printed composites with different PVDF contents were tested in a fatigue loading frame to 
measure the piezoelectric responses and the piezoelectric coefficient. Figure 3 shows the current 
output and piezoelectric coefficient for the samples of pure PR, 1, 2, 2.5, 4, 5wt% PVDF/PR. As 
it can be seen in Figure 3 (a) 2wt%-PVDF portrays the highest current output with ± 0.053. 
Additionally, 2wt%-PVDF also shows the highest piezoelectric coefficient with 0.014 pC/N. It can 
be seen that current output and piezoelectric coefficient follow the same trend as expected.  

 

Figure 3. Measurement of piezoelectric properties: (a) current output and (b) piezoelectric coefficients of pure PR, 1, 
2, 2.5, 4, and 5wt.%-PVDF/PR under applied force of 60 N and 1 Hz. 

 
The samples with 2wt%-PVDF were tested under different dynamic forces as it had the highest 
piezoelectric coefficient. It can be seen as the force applied increases, the current output increases 
as well. 80 N was the maximum value it can be tested with as it broke when 90 N were applied. A 
current output of 0.121 nA was measured for 80 N. 
 

 
Figure 4. Piezoelectric current output generated from 2wt.%-PVDF/PR at increasing applied forces from 20 to 80 N.  

 
4 Conclusion 

Piezoelectric photopolymer resin based PVDF composites were fabricated using SLA 3D printing 
technologies. Dynamic testing and pico-ammeter were used to measure the piezoelectric properties 
of the composite. DMF was used as the solvent to uniformly disperse the PVDF inside the PR 
Optimal ratio between PVDF and DMF was found to be 1:10 as it portrayed high piezoelectric 
coefficient while have good manufacturability. At fixed 1:10 PVDF to DMF ratio, the samples 



with 2wt%-PVDF had the highest piezoelectric properties with ± 0.053 nA and 0.014 pC/N. The 
highest current output that could be generated with the 2wt%-PVDF was ± 0.180 nA under 80 N, 
as it broke under 90 N. 
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ABSTRACT 

This study presents the fabrication and mechanical characterization of functionalized Multi-

Walled Carbon Nanotubes (CNTF) reinforced photopolymer nanocomposites. CNT was used 

for its high electrical conductivity as well as its mechanical robustness. The fabrication of 

composites of this nature through additive manufacturing is a concept that has not been 

thoroughly explored. In this study, parametric studies were held to find settings that would 

allow the fabrication of functionalized CNT through stereolithography (SLA). In addition, the 

mechanical properties of functionalized composites under tensile stress were tested. An 

improvement of 77.4% and 64.0% in the Youngs modulus was observed over pristine resin 

from both random and aligned CNTF, while an improvement of 20.1% in the UTS was observed 

when aligning the CNTF. Demonstrating the tuning capabilities of this fabrication method.  
 

1 Intoduction 

Carbon nanotubes (CNTs) have attracted a great amount of attention from the scientific and 

engineering community since they were first synthesized over two decades ago.  This interest 

has been due to their exceptional thermal, electrical, and mechanical properties, and therefore 

potential applications.  Despite the amazing properties shown in individual form, these 

properties are not exhibited when used in bulk [1]. As a result, a great amount of work has been 

dedicated to the use of CNTs as reinforcements or fillers in different composite systems. CNT 

composites have been mostly fabricated using a polymer matrix to improve electrical and 

mechanical properties [2]. CNT-polymer composites have been mainly produced using 

traditional techniques such as solution processing [3], melt processing [4], in situ 

polymerization processing [5], among others. However, a very limited amount of research has 

been dedicated to the use of additive manufacturing techniques. Efforts to produce CNT 

polymers nanocomposites through additive manufacturing commonly use a low percentage of 

CNT due to the tendency of these to agglomerate and therefore become a point of failure for 

the composite instead of a reinforcement [6].  Therefore, methods to inhibit the agglomeration 

of CNTs in polymer solutions need to be implemented. One of the reported techniques to avoid 

the agglomeration of CNT-polymer composites is the application of an electric field to the 

CNT-polymer solution [7]. This technique is reported to not only disperse the CNT, but to also 

give the ability to control the alignment of these nanoparticles. This project presents the in situ 

dispersion of CNT through an electric field during the manufacture of CNT-photopolymer 

nanocomposites to tune its electrical and mechanical properties.  
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2 Methods 

2.1 Preparation of Resin  

Multi-Walled carbon nanotubes functionalized with nitric acid (CNTF) was mixed with 

Tethon’s Genesis Development Resin to prepare the solution for 3D printing. 1.0 weight 

percent (wt%) of CNTF was added into a centrifugal tube and was shaken until visible, even 

dispersion was acquired. The tube was then vortexed for 15 minutes before being dumped into 

the 3D printer’s resin tank. 

2.2 Printing  

A Formlabs Form 1 digital light processing (DLP) 3D printer was used for the fabrication of 

Type V ASTM standard dog bones. Formlabs uses its own software, PreForm, to prepare 

convert STL files into machine readable code. The printing parameters used in the PreForm 

software were those used for Castable resin uses the longest exposure time of the available 

parameters. The highest layer resolution of 25 µm was also used. Dog bones were printed in 

sets of five with 5 mm of space in-between them. The total print time for every set was 2 h 45 

min.  

2.3 Alignment of Carbon Nanotubes 

For alignment of CNTF in the Genesis resin, two electrodes with the length of the 3D printer’s 

build plate were placed at both ends of the resin tank as illustrated in Fig.1. An electric field 

was applied generated by an Agilent 33210A Function/ Arbitrary Waveform Generator 

amplified from 1 to 6000 by an Acopian P030HP2 high voltage regulator. Dog bone samples 

were printed and aligned using various electric fields including 300 V/cm at 10kHz with the 

dog bones being aligned in parallel to the electric field. 

 

Fig. 1. Schematic of alignment setup for printing of dog bone samples 
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3 Results 

Fig. 2 shows the results for tensile test of dog bone samples printed from pure Genesis resin, 

CNTF with Genesis resin, and CNTF with Genesis resin aligned in parallel. Tensile testing was 

done at a strain rate of 1 mm/min and was left running until the samples broke. As it can be 

observed from Fig. 2 and Table 1 both CNTF and CNTF aligned in parallel displayed a higher 

Young’s Modulus than pure Genesis resin. CNTF showed a 77.4% increase while aligned CNTF 

showed a 64.0% increase in Young’s Modulus from pure Genesis resin. While CNTF showed 

a decrease in ultimate tensile stress of 15.6%, aligned CNTF increased by 20.1%. Both CNTF 

samples saw a decrease in strain at break meaning the samples became more brittle; however, 

when comparing the strain at break between CNTF and aligned CNTF, the aligned dog bones 

showed an increase in strain at break.  

  

Table 1. Numerical results for tensile test 

Sample 
AverageYoung’s 

Modulus (Pa) 

Average 

UTS(Pa) 

Average Strain at 

Break (mm/mm) 

Genesis 695358634.4 35703413.72 0.064025459 

CNT No Alignment 1233346037 30150921.45 0.038206772 

CNT Parallel Alignment 1140557471 42882823.75 0.05027622 
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Figure 2. Results of tensile test for Genesis, Functionalized CNT, and Functionalized CNT 

aligned in parallel 

 



 TUNING OF MECHANICAL AND ELECTRICAL PROPERTIES OF 3D 

PRINTED CNT-PHOTOPOLYMER NANOCOMPOSITES THROUGH 

IN-SITU DISPERSION 

 

The three different types of samples also displayed different points of fracture as shown in Fig. 3. While 

most pure Genesis samples broke in the center, CNTF and aligned CNTF samples broke above the central 

point with CNTF samples breaking higher above the central point than aligned CNTF. 

 

Figure 3. Dog bone samples from left to right Genesis, CNT Functionalized, CNT Functionalized 

Aligned 

4  Conclusion 

In conclusion, it was possible to observe the changes in mechanical properties in Genesis resin 

with the addition of functionalized Multi-Walled Carbon Nanotubes (CNTF). As it was 

hypothesized, alignment of CNTF produced a composite with more favorable mechanical 

properties than pure Genesis. By increasing the dispersion of aligned CNTF, it was possible to 

retain the increase in Young’s modulus from pure Genesis resin of CNTF while increasing the 

ultimate tensile stress.   
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ABSTRACT 

Additive manufacturing (AM) of aluminum nitride (AlN) 3D components fabricated by 

binder jetting process are reported. The AlN green bodies obtained components are sintered 

by hot isostatic pressing (HIP) method to reduce porosity and increase the density. Results 

showed that AlN 3D hipped components have 85 % of density when compare to theory 

values. Scanning electron microscope, energy dispersive X-ray spectroscopy, X-ray 

diffraction results showed structural morphology of the sintering components, chemical 

composition and crystal structure, respectively. 

 
 

1 Introduction 

1.1 Introduction to Additive Manufacturing  

Additive manufacturing is a novel 3D fabrication process for a wide range of materials, 

such as polymers, metals and ceramics
 [1]

. The 3D fabrication by using AM refers to 

processes in which material is joined or solidified under computer aided design (CAD) model 

to create a three dimensional object with material being added together 
[2]

. There are many 

different technologies that allows to create 3D components like stereolithography (STL), 

fused deposit modeling (FDM), binder jetting (BJ), jus for mention few 
[3]

.     

 

1.2 Introduction to Binder Jetting process 

The binder jetting process is suitable technique for process 3D ceramics materials. The 

BJ process uses two main materials, a powder ceramic based material and binder glue.  The 

binder glue acts as an adhesive between powder layers, basically a print head moves 

horizontally along the “X” and “Y” axes of the machine and deposits alternating layers of the 

build ceramic material and the binding glue material
 [2]

.   

The Binder Jetting process essentially uses several steps to manufacture 3D ceramic 

components: step-1, ceramic powder material is spread over the build platform using a roller; 

step-2, the print head deposits the binder glue adhesive on top of the powder where required, 

the build platform is lowered by the model’s layer thickness, another layer of ceramic powder 

is spread over the previous layer; the component is formed where the ceramic powder is 
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bound to the binder glue. The process, steps 1 and 2 are repeated until the entire component 

has made as presented in figure 1. 

 

 
Figure 1. Schematic representation of AM binder jetting 3D components  

 

1.3 Introduction to Aluminum Nitride ceramic material 

Electronic industry has used aluminum nitride (AlN) ceramic material due to its 

combination of remarkable properties, such as wide band gap, high thermal conductivity, low 

thermal expansion, high strength, transparency and piezoelectric properties
 [4]

. The AlN is a 

covalently bonded ceramic, is synthesized from aluminum (
13

Al) and nitrogen (
7
N). It does 

not occur naturally and it is stable in inert atmospheres at temperatures over 2100 
o
C. Due to 

its high thermal conductivity and strong dielectric combination properties makes AlN a future 

substrate material for electronic package applications 
[5]

. 

  

2 Experimental set up 

The AlN 3D tube components were fabricated by using the binder jetting process. The 

equipment that was used is an ExOne M-Lab for ceramics materials with a powder build area 

of 6 cm x 4cm x 2.5 cm. It was used AlN powder with high purity 99.9% from American 

Elements with a particle average size of 45 μm. Parameters for fabrication were found for 

AlN 3D components green bodies such as amount of binder, size layer thickness, powder 

roller speed, time of curing temperature and packaging powder ratio. Furthermore, the AlN 

3D components green bodies were subjected to three step process heat treatment for cure, 

sinter and hip in order to densify the AlN 3D components. Figure 2 shows the ExOne M-Lab 

used in 3D printing components by binder jetting process. 

 

 
 

Figure 2. Binder jetting, ExOne M-Lab equipment. 
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3.3 Results and Discussion  

AlN 3D ceramic tube shape components were obtained successfully by using the binder 

jetting method.  The finally sintered parameters were found at 1900 
o
C hipped temperature 

using a rich N2 atmosphere at 30,000 psi during 8 hours.  

 

 
Figure 3.  AlN 3D tube printed (a). SEM image (b) and XRD of the same sample (c). 

 

Figure 3(a) shows the AlN 3D ceramic tube printed by using binder jetting ExOne M-Lab. 

Figure 3(b) shows the SEM image at the fracture of AlN printed sample, it shows a well 

sintered grain boundary after the hipped thermal process. Figure 3(c) shows the X-ray 

diffraction pattern of AlN 3D ceramic tube printed and hipped, it shows wurtzite crystal 

structure with lattice parameters of a = b = 3.82 Å and c = 6.26 Å. Furthermore, the AlN 3D 

tube showed 85 % density when is compared to AlN theoretical value of 3.26 g/cm
3 [4, 5]

. 

 

In summary, we printed successfully 3D components of AlN with high good quality by using 

additive manufacturing trough the binder jetting process. The SEM image shows that the AlN 

3D printing sample was sintered in its crystalline structure due to the formation of well-

defined grain boundaries. The XRD pattern result shows the characteristic crystallographic 

planes at (001), (002), (101), (102), (110), (103), (200), (112) and (201) which correspond to 

AlN wurtzite crystal structure. In future experiments, we propose sintering at a higher 

temperature for better densification. Futures also include the application of additive 

manufacturing processes to different ceramic materials. LiNbO3 is one of the materials we are 

testing and shows promising results. 
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ABSTRACT 

Additive manufacturing (AM) technologies have been consistently improving over the last 

years. One of AM’s main strengths is its inherent support of rapid iterations in the design and 

manufacturing process, as parts can be produced quickly and efficiently. As parts for 

functionally holistic devices are increasing in demand, additional manufacturing processes 

are needed to support the quick and efficient nature of additive manufacturing. Tools for 

developing 3D printed electronics are among the most needed. However, there is a lack of 

software available for the integration of electric circuit design with 3D solid modeling design. 

Traditionally, these two are developed separately then integrated after manufacturing, which 

may lead to complications and lengthen the lead time of a product. Combining these aspects 

of design in the same modeling software, Autodesk Fusion 360, allows for faster iterations in 

development of devices requiring both structural and electronic functionality. However, 

component connections are defined in a software (Autodesk EAGLE) that does not take into 

account the geometry of the space they will be placed on. This requires reordering of wires 

with respect to the workspace, which can be a hindrance in producing a design in an agile 

fashion. For this reason, a robust circuit auto-routing algorithm was employed resulting in a 

streamlined and user-friendly integration of design aspects. 
 

1 Introduction 

With the advent of more advanced additive manufacturing processes comes the necessity for 

software tools that are able to tend to the multifaceted aspects of new technologies. Among 

these new technologies are hybrid additive manufacturing processes which allow fabrication 

of 3D printed electronic parts. Typically, these parts consist of an electronic component 

placed into a solid part designed in a 3D modeling space. These distinct parts of a product are 

traditionally developed separately then integrated after individual completion. However, 

designing these two in separate spaces can lead to complications when integrating them after 

a full iteration of development. For this reason, UTEP’s Wire Routing Tool (WRT) plug-in 

for Fusion 360 was developed to allow for the integration of electronic schematics designed 

in EAGLE, a separate piece of software.  

 Schematic designs were not necessarily fitted to the available space of a part in 

question. Users defined the nets of pins connecting components in their electronic design, but 

the actual traces that would connect them on the solid part were yet to be defined. These 

traces depended on the geometry of the part they were placed on, and any obstacles that 
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might be present, such as cavities or extrusions. Using the WRT, component geometries were 

imported, but the user was still required to place them where desired. After that, circuits 

would have to be routed by the user, taking the space into account. This was a time-

consuming process, especially when in development. Many configurations of circuits or solid 

part geometries may need to be attempted in a single design iteration. For this reason, a 

robust implementation of grid routing that works on a 2D plane was implemented utilizing 

the Python language, since it was supported for Fusion 360 Add-ins. In the developed 

application, the hardware limited wire embedding to a single plane, which limited the routing 

to two dimensions.   

 

2 Methodology 

2.1 Object-Oriented Implementation 

To perform routing on a grid representing the map space where the circuit would take place, 

an object-oriented approach was used to maximize readability for extending the software in 

the future. Classes for the Map, Component, Pin and Net objects were created; each with 

fields necessary for defining the geometry of the objects as well as their positions and names. 

Additionally, a class which refers to potential pin pairs called PseudoPair was created. Their 

main function will be explained further in the Routing Process section. Map objects contains 

the geometry of the routing space as well as references to the components, pins and nets 

within it. Component objects contain the geometries and positions of components, Pin objects 

contain only the positions of those pins, and Net objects contain references to all pins that are 

contained within it. PseudoPair objects contain references to a pin pair, or a pin and a 

terminal point which is found on a net. This specific case occurs when routing pairs in nets 

with more than two pairs; pins are instead routed to a point on the already existing trace 

between other pins to complete the net. 
  

2.2 Routing Algorithm  

Well known path finding algorithms were used to drive the routing process. Initially, it was 

believed that the Mikami-Tabuchi line finding algorithm would be beneficial to this 

application since its time complexity is less severe than others; this was conducive to the 

efficient user-friendly experience [2]. It does not always find the optimal path but this was 

negligible in simpler circuits. However, it was found that the Lee Algorithm with its wave 

propagation portion, Fig. 1, which resembles Breadth First Search, was more conducive to be 

improved upon graduating the algorithm to work in 3 dimensions in the future [1].  
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Fig.1. Lee algorithm wave propagation portion. Numbers indicate distance from source node.  

 
 

2.3 Heuristics for Pin-ordering  

One of the most important steps of routing pins in a circuit is to determine the order in which 

pairs should be routed to each other. The order in which pins are routed is crucial for 

generating traces that are optimal in distance and allowing other pairs of pins to be routed. 

For this reason, a bounding box heuristic was employed to order pairs [3]. The idea was that if 

a pair of pins had other pins within the perimeter they formed, then they should be routed 

later in the process, as they would be more likely to create an obstacle for pins routed 

between them. If a pair contained no pins within the perimeter they formed, then they were 

not likely to create an intrusion for other pairs. Fig. 2 demonstrates a simple case in which the 

heuristic provided a more optimal configuration leading to less wire usage. This is of course, 

an estimation as there is no algorithm that perfectly predicts what the best order of pairs 

would be. 
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Fig.2. Bounding box heuristic. (a) Pair A, B, C have bounding box index: 4, 1, and 0 

respectively. (b) Without the heuristic applied, non-optimal paths are found resulting in 

unnecessary extra wire. (c) With heuristic applied, optimal distance is found to connect pins. 

2.4 Routing Process 

To route nets, pin pairs must be first created through a process that adds them to a queue. For 

nets consisting of two pins, the bounding box heuristic was simply applied to count how 

many pins from other nets were contained within. This value was kept as a field in the 

PseudoPair class called the bbox_idx (bounding box index) for each pair. For nets consisting 

of 3+ pins, a slightly different approach was taken. For each net, all possible pairs were 

examined and the bounding box heuristic was applied to each, counting the total pins within 

their perimeter. If any of the pairs had an index of either 0 or the current minimum bbox_idx 

contained in the routing queue, the pair for that net was added to the queue. The processor 

then moved on to the next net of 3+ pins. 

As the algorithm routed pseudo pairs of pins using the Lee algorithm, whenever it 

successfully routed a pair belonging to a net of 3+ pins, the routing queue was updated by 

examining the remaining pins in the net. The bounding box heuristic was applied to the 

remaining pins and the closest point on the already existing trace generated for that net. This 

point was also found by applying the Lee algorithm. Again, the bounding box heuristic was 

applied to each pin until one had a bbox_idx of 0 or the minimum amount in the current 

routing queue. This process continued until all pins were routed.  

 

2.5 Fusion 360 Limitations  

Circuit autorouting is a widespread field in VLSI Physical Design. Many developments have 

been made over the past half-century in algorithms that generate traces between terminals in 

complex component configurations. For highly complex circuits, extensive resources and 

large pieces of software are needed to produce solutions in a feasible time. For the 

applications at hand, however, autorouting algorithms were implemented within the scope of 

available resources. Since autorouting was implemented inside of Fusion 360’s design 

environment, the application was limited by the resources that the Python distribution 

provided by Fusion 360 included. 

Since the Add-In was implemented in Python, the syntax and data structures available in 

standard Python libraries had to be utilized. Well known libraries such as NumPy, used for 
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scientific computing, could potentially be included in the add-in folder. However, the process 

is generally not easy and can lead to complications in importing when running a script, 

especially in the case of large libraries like NumPy. This is counterproductive to the 

simplicity that the WRT was meant to provide. For this reason, the software was coded using 

only standard Python. Additionally, this proved to improve running time after switching 

implementation from utilizing NumPy arrays to standard Python lists. 

3. Results and Conclusion 

This implementation was not meant to be a highly complex solution to a problem that 

increases in complexity exponentially. Rather, it was supposed to be a robust implementation 

of circuit autorouting in 2-dimensions, useful for easing a user’s experience in integrating 

circuit designs with a solid model. The user will be able to edit any final traces generated by 

the WRT.  

Functionality for backtracking within the algorithm is currently underway; this may be 

necessary when placing a trace in a certain position that renders it impossible for another pair 

to be routed. In this case, the existing trace causing an obstruction would have to be removed 

and re-routed in some alternative fashion to complete the circuit.   
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ABSTRACT 

The purpose of this paper is to understand the impact of process and printing settings in relation 

to part quality of additively manufactured objects. Most traditional fused deposition modeling 

(FDM) systems have material printing profiles that have been optimized by the manufacturer, 

to obtain a set part quality given a time constraint. In contrast, there exists a lack of information 

in the large-scale additive manufacturing (AM) field, due to its recent emergence as a viable 

printing method. Just as with traditional 3D printing, the shape and quality of the part relies on 

process and material parameters, such as extruder temperatures, feed rates, and printing speeds. 

Although the user may readily alter a range of process variables, the effect of each variable on 

the integrity of a fabricated part is not fully understood. There exists a need in the large-scale 

additive manufacturing community, for parametrization that will allow other users to 

understand the effects that BAAM specific settings have on a printed part. Subsequently, this 

will allow for the creation of BAAM printing profiles, facilitating the decision-making process 

in fabricating higher quality parts for their specified application.  

 

1 Introduction 

Since its invention in 1984, Additive Manufacturing (AM) has been revolutionizing the way 

goods are fabricated, through the development of seven AM technologies. From the seven 

technologies, material extrusion has evolved significantly from small desktop printers for 

rapid prototyping to large industrial 3D printers. In recent years, the idea of large-scale 3D 

printing came to fruition with the invention of big area additive manufacturing machines that 

possess the ability to deposit large quantities of fiber reinforced material. Thus, enabling new 

opportunities by leveraging all the advantages of AM on a large scale.   

 

Currently, two large area AM machines available in the market are the Big Area Additive 

Manufacturing (BAAM) machine and the Large-Scale Additive Manufacturing (LSAM) 

machine. The BAAM was developed by Oak Ridge National Lab (ORNL) and has been 

commercialized by E-Cincinnati Incorporated. This machine possesses a build envelope with 

a length of 427 in, a width of 153 in and a height of 172 in. Because large-scale printers use 

injection molding-like pellets instead of a spool of thermoplastic filament, material 

companies have begun introducing new products. Some of the companies involved in 

developing materials are Sabic, Chiel Industries, PolyOne and Techmer PM.  
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The BAAM system consists of several sub-systems, one being a material dryer, which dries 

the pellet material from 0.2% water content to 0.05% or less, to avoid having air bubbles 

inside the final printed part. Inside the BAAM machine, there exists a 3-axis gantry that 

houses the material extrusion system. Due to the high feed rate required by the machine, 

pellets are consistently pushed down the nozzle by a screw and melted by a set of 5 heaters. 

At the exit of the nozzle, a tamper system flattens the extruded material to aid in the reduction 

of voids inside the part.  

 

The slicing software needed to create G-code for the BAAM machine was developed by Oak 

Ridge National Lab and allowed the user to control different printer settings. The G-code 

contained instructions for controlling all sub-systems in the BAAM except for the bed and 

extruder temperature, which are manually controlled by the user from the human-machine 

interaction (HMI) software.  

 

2 Problem Statement  

Just as with traditional 3D printing, the shape and quality of the part relies on process and 

material parameters, such as extruder temperatures, feed rates, and printing speeds [1]. 

Consequently, the user has access to a large number of process variables, however, there is not 

a full understanding of the effect of those parameters. For this paper, the temperature profile 

and the feed rates are the parameters that were observed.   

 

The temperature profile is controlled from the HMI independently from the slicer. The only 

relation between temperature and slicer occurs when the flowrate calculator from the slicer is 

used. This tool allows for the slicer to find the adequate rpm and gantry speed to achieve a 

given bead size. At constant rpm, increasing the temperature increases the amount of material 

extruded. Additionally, the temperature also affects the macro- and microstructure of the bead. 

For example, if the temperature were lower, polymer chain motion and entanglement between 

layers and beads would be reduced, causing inferior mechanical properties [2]. Moreover, the 

temperature affects the fiber distribution and the adhesion between layers [3]. 

 

Similarly, from previous experience using the BAAM system, it has been noted that the feed 

rates affect the macro structure of the bead. Just as with injection molding, in large-scale 

additive, the feed rates can also affect the macro- and microstructure of the bead.  

 

In this paper, the material that was used for all the experiments was the Electrafil J-1200 

CF20 3DP produced by Techmer PM. The material was composed of a blend of 80% ABS 

and 20% carbon fiber that was specially formulated for large area additive manufacturing 

applications, exhibiting minimal warpage and distortion of the parts. The fibers were 

functionalized to ensure good adhesion between fiber and matrix.  

 

3 Methods 

The initial testing entailed using Scanning Electron Microscopy (SEM) imaging on beads 

directly purged from the BAAM system using a constant temperature and different rpm 
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values. The selected temperature setting was 100 degrees lower than the range of 

recommended temperatures given by the material manufacturer Techmer PM, shown in Fig.1 

For this paper, the beads were printed using 50, 150, 250, 350 and 400 rpm on the nozzle. 

Two samples were cut from the bead, one with perpendicular fibers and one with parallel 

fibers. The samples were then sanded using different grits of sand paper, and finally polished 

with an alumina compound.   

 

Furthermore, pressure data from the extruder was also collected using the BAAM human 

machine interface. The maximum pressure was recorded after allowing the pressure sensor to 

achieve steady state conditions. It was expected that the pressure would increase with higher 

rpm.   

 

Fig.1. Temperature profile for initial testing of BAAM beads of material 

4 Results  

As shown in Fig. 2., the SEM imaging clearly demonstrated a trend of voids that increased 

inside the beads starting at 250 rpm. It can be speculated that the mechanical properties of the 

part would be severely affected by the presence of void defects. Moreover, it was known that 

for a specific gantry velocity, a high rpm setting could create voids in-between beads due to a 

lack of material and a thinner bead [1]. Consequently, at a lower temperature profile, high rpm 

causes both micro- and macro-voids in the part.      
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While the number of voids increased with increasing rpm, the surface quality of the beads 

exhibited an opposite behavior, with the 50 rpm bead having the roughest surface and the 350 

rpm bead having a smoother one as seen in Fig.3. It should be noted that a smooth surface 

was defined as the inability to feel individual fibers protruding from the bead. In terms of 

bead shape, the 400 rpm sample was irregular and asymmetrical, while the 50 rpm bead 

maintained a constant diameter. The inverse relation between surface roughness and internal 

voids creates a challenge for users because a part can look and feel smooth but contain voids 

in its micro-structure. The pressure inside the extruder behaved as expected, having increased 

as the rpm increased. The 50 rpm sample had an average pressure of 700 psi, while the 400 

rpm had an average pressure of 1800 psi. 

  

 
 

5 Conclusion 

The data presented in this paper, shows a strong correlation between the rpm setting and the 

micro- and macrostructure of the part. The data showed that as rpm increased, the presence of 

voids was higher, but the bead became smoother to the touch. It can be concluded that at 

lower temperature settings, the best mechanical properties would be obtained at lower rpm 

Fig.2. a) 50 rpm, b) 150 rpm, c) 250 rpm, d) 350 rpm, e) 400 rpm 

a) 

400µm  400µm  400µm  

400µm  400µm  

b) c) 

d) e) 

Fig.3.: Picture of bead samples using low temperature profile; a) 50 rpm, b) 400 rpm 

(a 

(b 
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values. Future work will aim to obtain samples using all other temperature profiles shown in 

this paper, to determine if the optimal rpm setting varies with different temperature settings. 

From this, the user will be able to choose the best combination of gantry speed and 

temperature for the desired material. Additional work will also entail the printing and 

mechanical testing of BAAM printed parts.  
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ABSTRACT 

This paper reviewed research progress regarding quality control in extrusion-based 3D 
printing technology. It covered on manufacturing quality issues and needs that are to be 
developed and optimized. Procedures of Extrusion-Based Processes (EBP) have more 
advanced in data analytics and predictive algorithms-based research regarding mechanical 
properties and optimal printing parameters compared to other typical six techniques. This 
paper focuses more on research review in general quality control, surface quality and post-
processing, data analytic and algorithm.  

1 Introduction 
Additive Manufacturing (AM) technology is a process to make a three-dimensional object 
based on layer by layer deposition of materials under a computer-controlled system. It is 
composed of various types of printing methods such as binder jetting, material extrusion, 
material jetting, sheet lamination, and so on. AM industries have grown rapidly since 2000 
and show almost six times growth during the 2000s compared with the growth during the 
1990s [1]. AM technology has a high potential to exploit ideas and applications on various 
areas. In 2013, Wohlers Associates reported that AM system sales revenue of each sector are 
industrial products (19%), consumer products (18%), automotive (17%), medical (14%), 
aerospace (12%), military (5%). Automotive, medical, aerospace, and military, which require 
high precision and reliability, lead 48% in total. The global AM market sales reached up to 
$2.2 billion in 2012 and is forecasted for growth of the market size by $10.8 billion in 2020 
[1]. Due to this reason, final and functional part productions and relevant researches are 
growing faster than the general market. Most of AM applications were purposed for 
prototyping and tooling, however, nowadays industries invest 10 times more on end-part 
production than on prototyping [2].  
Likewise, this new paradigm of AM technology is dramatically being developed and brings 
high feasible applications into real industry. However, before AM product is directly utilized 
for real-functional part fabrication, certified quality control (QC) is necessary to meet specific 
requirements of quality and reliability. For high quality required products that are used in 
aerospace and automobile industries, AM must assure high preciseness and mechanical 
properties to be used and functioned as real part (Wong and Hernandez, 2012). As variety of 
materials are being implemented to AM technology such as ceramic, steel, alloy, composites, 
living tissue, concurrently current AM technology still need to be improved regarding part 

A REVIEW ON QUALITY CONTROL IN EXTRUSION-BASED 
3D PRINTING TECHNOLOGY 

 
H. Kim1, A. Renteria-Marquez1, Y. Lin1, T. Tseng2* 

1 Department of Mechanical Engineering, University of Texas at El Paso, El Paso, TX 79968, 
USA; 

2 Department of Industrial, Manufacturing, & Systems Engineering, University of Texas at El 
Paso, El Paso, TX 79968, USA  

* Corresponding author (btseng@utep.edu) 
 

Keywords: Fused deposition modeling, 3D printing, additive manufacturing, quality control 



quality and performance compared with traditional manufacturing. This paper provides a 
detail overview regarding quality enhancement for extrusion-based 3D printing technology.  

2 Overview of Quality Control in Additive Manufacturing 
Extrusion-based processes (EBP) deposit material in form of a continuous flow layer by layer 
to build a 3D structure. These processes have  diverse technique concepts but are classified 
into two main groups; melting based extrusion and non-melting based extrusion [3]. 3D-
bioplotting is the most representative of non-melting based extrusion techniques and fused 
deposition modeling (FDM) in melting based extrusion techniques. This paper will cover 
FDM as the main point of discussion. 
2.1 Researches on general quality control 

In FDM technique, there are two kinds of deposition methods mainly used: contour and 
raster. In contour method, extrusion path is following outside contour and offset in until it 
fills the entire domain. This technique’s, main disadvantage is slow printing operation due to 
multiple paths creation. In raster method, material is deposited in zig-zag fashion. Raster 
method is a faster process but less accurate and gives rise to voids in deposition process in 
comparison with contour one. This can lead to deterioration in the in-plane properties of the 
structure. Kulkarni (1999) proposed spiral geometric path to eliminate multiple paths and 
inaccuracy providing faster processes and reduce voids. In result, in-plane stiffness spiral 
method was improved up to 18000 lb/in2 compared with 10300 lb/ in2 of contour paths [4].  
Sun (2008) evaluated the effects of processing conditions in bonding quality for FDM. It was 
found that neck growth between adjacent filaments of the same layer is expected to be larger 
in the bottom layers than in the top layers because bottom layer remains longer period time 
than upper layers, indicating voids size in the lower region is smaller than in the upper region 
(Fig. 1). It is the fact that convective heat from adjacent extruded molten layers during 
process allows neck growth between filaments which occurs above glass transition 
temperature. Therefore, bonding strength and voids were improved and minimized, 
respectively [5]. 

 
Fig.1. Microphotograph of the cross-sectional area of a 38×38×30 layer part [5]. 

Boschetto (2016) employed a design for manufacturing (DFM) method to overcome 
inconsistent geometrical deviations which cause poor surface quality and depends on layer 
thickness, deposition angle, etc. Proposed DFM permits a redesign of the components during 
pre-processing to predict the obtainable dimensional deviations. Modifications carried out in 
design stage can compensate for the deviations generated in the next manufacturing stage, 
thus, providing improved part accuracy [6].  
Pandey (2003) proposed a method of real-time adaptive slicing procedures. This method 
predicts surface quality expressed by standard Ra value using direct slicing and tessellated 
model (STL) so that in the design stage, build time and surface quality can be maximized 
based on the predicted Ra value [7]. Xiaomao (2009) proposed a robust algorithm to generate 
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the support slice data that enables part’s self-support ability and reduce redundant support 
volume at maximum extent. This slice data-based algorithm has the same efficiency as the 
STL based algorithm, however, it is more stable and robust to generate support slicing 
process [8]. 

2.2 Researches on surface quality and post-processing  
FDM technique presents limitations in surface quality. Staircase effect influences surface 
quality of 3D printed part employing thick filament, approximately 0.24mm which is the 
most used thickness and 0.127mm at the most. This is lower resolution than other techniques 
such as Stereolithography (0.05mm), Selective Laser Sintering (0.02mm), Binder Jetting 
Process (0.05mm), and Material Jetting process (0.016mm). Other problems are related to 
thermal distortion and stress resulting from shrinkage [9]. 
Armillotta (2006) assessed textured surface quality printed by FDM technique. Critical issues 
on surface quality are dependent on the rate of material deposition, shrinkage, and residual 
stresses during solidification. It was found that sufficient resolution of surface without stair-
stepping can be obtained under the conditions provided which feature in-plane size ≥ 1mm on 
surfaces parallel to the build direction and can be fabricated without excessive stair-stepping. 
Moreover, sinking effects made by contour offsetting can be avoided when adjacent features 
are spaced out at least 1mm away from one another [10].  
Galantucci (2009) proved significant improvements on surface finish of FDM 3D printed 
ABS part using chemical post-processing method. Dimethyl ketone (acetone) was used with 
10% of water as chemicals because ABS has weak interaction with polar solvents such as 
dimethyl ketone, ester, and chloride solvents. Therefore, chemical reaction is controlled by 
the soaking and exposure time to ABS parts [11]. In biomedical microdevices, McCullough 
(2013) also utilized the same chemical as dimethyl ketone-based sealing method to modify 
and seal the surfaces of ABS in order to render the surface of 3D printed micro-structured 
features to be impervious to water and increase hydrophilicity and biocompatibility [12].  
Rao (2012) used ANOVA, to find significant factors affecting surface finish by analyzing 
various parameters in chemical treatment process such as different levels of solution 
concentration, exposure time, temperature, and initial roughness. Two different chemicals, 
dimethyl ketone and methyl ethyl ketone, were used. In the case of dimethyl ketone, solution 
concentration, temperature, and initial roughness were significant factors that mostly affect 
surface roughness. For Methyl ethyl ketone, solution concentration, temperature, and 
exposure time were the most important factors to be surface quality [13].  
Many researchers have found that build orientation affects surface quality on FDM parts. 
Vijay (2012) investigated that surface roughness is proportional to the layer thickness for 20° 
and 45° build orientation, however roughness is an inverse proportion to layer thickness 
when 70° is used [14]. Sreeram (1995) developed an auto-compute method to decide optimal 
orientation direction based on variable slicing thickness for a polyhedral part [15].  
Chakraborty (2008) developed a new method for curved layer FDM (CLFDM) structure. This 
method can be used to fabricate a thin and curved part with improved surface finish due to 
reduction of stair-step effect as well as the reduction of layers. The method also increased 
mechanical strength, reduced material waste and build time, Fig. 2 (A). In regular FDM, table 
and head movement do not deviate from vertical (z-axis) when x-and y-axes are being 
controlled, see Fig. 2 (B). However, the proposed method uses x-and y-axes with contouring 



control and z-axis with linear interpolation control. Therefore, the table and head movement 
can have a 3D linear interpolator for the deposition of curved layers. In addition, they worked 
on determining adjacent filament paths for proper reproduction of part shape [16]. 

                     
Fig. 2. A) Model development of different complex geometries using CLFDM - (a) A hemispherical 
surface with a straight trim on one side (b) Trimmed surface of a part in the interior, discontinuous 
filament deposition method (c) Trimmed surface of a part in the interior, continuous filament 
deposition method (d) Surface made of two patches, continuous filament method, B) (a) Sectional 
view of a part produced by FDM. The overlapped section of two adjacent layers in FDM is shown by 
shaded lines. (b) Adjacent filaments of CLFDM [16]. 

2.3 Data Analytic and Algorithm researches 

Many researchers used statistical analyses to optimize both processes and product design for 
quality control. Anitha (2001) performed experiments to assess the effects of the parameters 
on quality characteristics using the Taguchi method. Analysis of the Taguchi results using 
methods of signal to noise (S/N) ratio, ANOVA, correlation, and regression analyses 
indicated that without pooling only one-layer thickness is effective to 49.37% at 95% level of 
significance. But on pooling, the layer thickness is mostly effective to 51.57% at 99% level of 
significance. This result indicated a strong relationship with surface roughness [17]. Similarly, 
Lee (2005) employed Taguchi method and orthogonal array, S/N, and ANOVA analyses to 
investigate the optimal printing parameters needed to achieve maximum flexibility of ABS 
material. Through this statistical analysis, it was concluded that layer thickness, raster angle, 
and air gap has significant  impact on the elastic performance of ABS printed structure [18]. 
Pandey (2003) studied the improvement of surface finish by staircase machining in FDM 
technique. They proposed hot cutter machining method to improve the surface of a staircase 
structure on 3D printed parts and used ANOVA and fractional factorial design of experiments 
to analyze the effects of three important machining parameters (i.e., cutting speed and 
direction) [19]. Sood (2009) adopted grey Taguchi method to obtain optimum level of printing 
parameters by finding the significant factors and their interactions and to minimize the 
percentage change in length, width, and thickness. This Grey Taguchi method provided good 
results on overall improvement in part dimension. In addition, artificial neural networks 
(ANN) was employed to predict overall dimensional accuracy [20]. 
Sood (2010) conducted central composite design for design of experiment and ANOVA for 
validity to investigate the important impact of printing parameters related to mechanical 
properties such as tensile, flexural, and impact strength. It was concluded that the increase of 
layer thickness which means decreased number of layers required, leads to minimizing 
distortion effects within the structure so that total mechanical strength will increase [21]. Sood 
(2012) studied that compressive strength of 3D structure exhibits high dependence on five 
important printing parameters (i.e., layer thickness, part orientation, raster angle/width, and 
air gap). This research not only provides an insight into the complex dependency of 
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compressive stress on process parameters but also created a statistically validated predictive 
equation to find optimum parameters for maximum compressive stress using a quantum-
behaved particle swarm optimization (QPSO). However, in order to solve involved large 
number of conflicting factors and complex phenomena for part building to predict output 
characteristics accurately. ANN with back propagation algorithm was adapted to predict the 
final structure’s compressive stress. In result, this optimized statistically predictive equations 
that gave a maximum compressive stress of 17.4751 MPa at optimum values of layer 
thickness, orientation, raster angle, raster width, and air gap as 0.254mm, 0.036°, 59.44°, 
0.422mm, and 0.00026mm, respectively [22]. Rao (2016) used the teaching-learning-based 
optimization algorithm (TLBO) and non-dominated sorting TLBO (NSTLBO) to solve 
optimization problems on FDM [23].  
3 Summary 

In summary, EBP has been studied in various research approaches since they are the most 
popular processes commercialized in public. The general quality issues currently identified in 
FDM technique are the surface quality arose from staircase effect, limited layer thickness, 
thermal distortion shrinkage causing low resolution and dimensional inaccuracy. Many kinds 
of post-processing and build orientation methods have been investigated to alleviate the 
surface and mechanical property issues. This EBP has advanced especially in data analytics 
and algorithms which signify that other fabrication techniques can possibly adopt to predict 
their optimal design and printing parameters. Research in these fields can be the next step to 
understand the effects of various parameters on the quality of fabricated parts. 
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ABSTRACT 
The space environment is enormous and empty entity enriched with plasma, UV radiation, high-
energy particles, etc. Operation of various electronic sensors, components, subsystem and even the 
full spacecraft behaves differently in space under various space environments. In order to verify the 
operation of various components, sensors, embedded subsystems and even small spacecraft, a high 
vacuum chamber has been developed pumped by turbo-molecular and mechanical pumps in series. 
A thermal and an electrical feed-through has been attached to measure the temperature and to power 
the internal DUT, respectively. In-situ chamber pressure and internal temperature of DUT can be 
constantly monitored while testing for verification of DUT’s performance. Various types of DAQs 
sensing temperature, voltage (input and output), and controlling hardware (digital) have also been 
attached. A LabVIEW program has been designed to save in-situ data. This high vacuum chamber is 
also ready to simulate heat transfer phenomenon simulating space environment though various 
embedded system built by additive manufacturing. Quantifying of the degassing from any materials 
in vacuum is also another application of this high vacuum system. 
 

1 Introduction 
Space is an enormous vacuum where all the plants, stars, asteroids, and galaxies, are revolving in 
plasma of different densities and energies. Satellites are revolving around the planets; hence the 
artificial satellites go under the rough environment of space. Recently small artificial satellites or 
small spacecraft is getting attention not only due to miniaturization of each component but also 
better sensitivity and higher robustness. Most recently, to avoid the harness routing many of the 
sensors with its electronics are embedded on a substrate and manufactured by additive 
manufacturing or 3D printing machine. This process has been designed to function on ground 
atmospheric condition. The additive products are neither operational in vacuum nor durable in space 
environment. In order to know whether an additive manufactured product would be durable in harsh 
space environment, its operation must be tested under simulated space environment, such as, high 
vacuum, plasma, thermal and UV radiation, atomic oxygen and thermal cycles, even high-energy 
particles. In order to simulate space environment a vacuum chamber is essential at the very 
beginning. Keeping this in mind, recently a vacuum chamber has been built and recent operation 
confirms its high vacuum operation. 
1.1 High Vacuum System 

A cylindrical chamber has been bought from Kurt J. Lesker with a dimension of ϕ24”x30” made of 
SUS 303. The door is made of aluminum to reduce the load on main chamber and easy operation. 
Chamber is placed on a stage with a thick aluminum plate of 1-inch thick. Schematic 3D picture is 
shown in Fig. 1. This chamber has several openings, a QF250 for multipurpose feed-through with 
valves and electrical feed-through, a QF 160 for main valve and turbo pump, a QF40 for thermal 
feed-through with a view port on the door, as well. 
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Fig.1. 3D drawing of vacuum chamber (left) and photograph of vacuum chamber with test bench. 

 
1.2 Assembling of pumps, Valves and feed-through 
 
Pumps: A turbo molecular pump, made of Leybold TURBOVAC 450i [1] with a pumping speed of 
430 l/s (liter/second), shown in Fig. 2 (left), which was attached to the chamber through the port of 
QF160 placing a manual controlled valve (Main valve) in between. It is cooled by air fan 
synchronize with the power supply placed at the based of turbo pump. This turbo pump is backed by 
a mechanical or rough pump bought from Kurt J. Lesker (KJLC-RV 212) [2] with a pumping speed 
of 7.6 ft3/minute and is capable of ultimate pressure of 1.3E-2 to 9.7E-3 Torr. Arrangement of all 
pumps, valves attached with the chamber are shown in the schematic shown in the Fig. 2 (right). 

 
Fig.2. Turbo pump’s pumping speed (left) and schematic of pumps arrangement with chamber (right). 

 
Valves: There are three valves to control the suction path of air through the vacuum bellows. The 
Rough valve, The Fore valve and the Main valve, all are manually operated. Location of the valves 
is shown in the schematic of Fig. 2 (right). There is a needle-type leak valve to break the vacuum of 
the chamber before opening the door. A rough leak valve is attached on the Rough pump to allow air 
inside the pump to stop the oil backflow when rough pump is not running. 
 
Feed-through:  
 
Pressure gauge: There is a 392 Series Ionization vacuum gauge (duel type) [3] with an integrated 
controller and display attached with the chamber. There are two sensor heads, one is KJLC275 
convection gauge tube (pressure range: 1000 to 1E-4 Torr) and another is KJLC 392 Ionization 
gauge (pressure range: 5E-2 to 1E-9 Torr). Real time display reading (chamber vacuum level) can be 
displayed, monitored and saved by LabVIEW program through a DAQ system.  
Electrical: Chamber internal electronics or DUT can be powered from outside the chamber and, 
monitored through an electrical feed through capable of handling 10 kV and 10 A current. 
Thermal: There is a thermal feed-through of K-type five thermocouples. Therefore, internal DUT’s 
temperature can be monitored in-situ while the experiment is on going under any vacuum condition. 
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Fig.3. Thermal and electrical feed-through (left, atmosphere side) and DUT arrangement with feed-through 
(right, vacuum side). 

2 Experiment 

2.1 High vacuum achievement.  
After assembling all the pumps, feed-through (pressure gauge, thermocouples, electrical power lines) 
door was closed. Initially chamber was evacuated by rough pump and later by turbo pump. A 
LabVIEW program has been designed and connected with the pressure gauge through NI DAQ to 
read and save the vacuum level monitored by gauge sensors (both convection and ionization). Along 
with that, DUTs temperature inside the chamber is also recorded. Front panel and block diagram of 
the LabVIEW program is shown in the Fig. 4.  

 
 

Fig.4. In-situ data (pressure and temperature) accumulation designed by LabVIEW program. 

2.2 Experimental setup  
In order to evaluate the chamber performance (in situ vacuum level and surface temperature), a DUT 
has been placed inside the chamber that has been powered by USB port from outside after attaching 
four thermocouple sensors on it. In-situ data (pressure and temperature) has been recorded by 
LabVIEW program and shown in Fig. 5. Pumping system is so efficient that within 1.33 hrs (5000s) 
vacuum reached to below 1E-5 Torr. 

 
Fig.4.Temporal profile of chamber pressure recorded by LabVIEW program. 



3 Results and Discussion  
Functionality of the embedded thermal sensor is performed in vacuum chamber under high vacuum 
as shown in Fig. 3 (right). When it was power by a USB port connected from the outside chamber, 
due to the running microprocessor and routing wire (Nichrome) inside the embedded ABS substrate, 
surface temperature went up and the color of embedded LED (RGB type) was changed from Blue, 
green to red. Surface temperature as well as chamber pressure was monitored and recorded. Fig. 5 
shows the temporal change of vacuum due to degassing (left) and surface temperature (right). Red 
line represents (right) the surface temperature while on microprocessor was powered. 
 

 
 

Fig.5.Temporal profile of chamber pressure (left) and surface temperature (right) . 
 
4 Conclusions  

A high vacuum system has been developed which is evacuated by a turbo-molecular pump and 
mechanical pump in series confirming chamber pressure around 2E-6 Torr. There are several feed-
through assembled for thermocouples, electrical wires and a very sensitive pressure gauge. A 
LabVIEW program has been designed to record in-situ chamber pressure and DUT’s temperature. 
The functionality of an embedded microprocessor sensing the surface temperature made of 
polycarbonate substrate has been tested in high vacuum system. 
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ABSTRACT 

Small celestial bodies such as asteroids and comets are of growing attention because they 

can provide insights of the formation and evolution of the solar system. From the numerous 

small bodies in outer space, Near Earth Objects (NEO) are of interest due to their 

accessibility and Earth collision threat. Besides, NEO might pose material resources that can 

help to maintain space exploration sustainable. Landing on NEO to further obtain a sample 

is a challenging task mainly because of the airless and reduced-gravity environment, which 

may cause uncontrolled bounce if the trajectory is not properly planned with the objective 

of successfully landing on a small celestial body, the trajectory to follow must be planned 

properly. This article proposes the use of the method based on the tau theory approach [9], 

for generation of time-optimal trajectory for soft landing in asteroid. 
 

1. Introduction 

NanoSats and other shoebox-sized landers have already been identified as potential 

valuable assets for in-situ asteroid exploration, since, due to their low cost, they can be used 

much more daringly. However, due to constraints in mass and volume, these systems may 

only allow for extremely crude orbit and landing control. To advance towards the correct 

development of this challenging tasks, the community has introduced methods base on cubic 

polynomials [1-3], optimal trajectory planners [4-5], and advance closed-loop techniques such 

as sliding modes [6], fuzzy logic [7] and predictive control [8] among others. In this research, 

studies the use of a method-based on the tau theory [9] to determinate the optimal time 

trajectory descending. Tau theory approach explains the way that humans and some animals 

guide their extremities to reach a specific spot. Because humans and animals have improved 

their capabilities through the natural selection process, this approach is worthy of being 

studied to devise its applicability in the trajectory planning of a spacecraft landing on an 

asteroid. In Tau theory, it is explained that an animal or human naturally approach an object 

by closing gaps, these can be for example distance and orientation gaps. Since the gaps can 

all be close at the same time, the terminal conditions of the trajectory can be achieved, 

including zero or small relative velocity if desired. One advantage of the method is that with 

a single coupling constant, the kinematic properties of the trajectory can be modified to 

obtain different performances. To validate the approach, a simulation in 3D space will be 

created to recreate a landing trajectory on Apophis asteroid, which was selected due to its 

accessibility, diameter, large rotational period and small orbit condition code. It is expected 

that the simulation results will reveal the advantages of the method.   
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2. Models and assumptions 

 

2.1 Problem Statement. 

Consider a spacecraft in orbit or floating above an asteroid at some given initial moment. A 

descent maneuver is required and will be performed at a specific time, and the spacecraft 

begins to descend. Let's start by describing the initial state of the spacecraft. 

Assume that the origin of the coordinate system 𝑜𝑙– 𝑥𝑙𝑦𝑙𝑧𝑙 in Fig. 1is at the selected landing 

site and that the 𝑧𝑙 − axis matches the vector l with origin from the asteroid mass center to 

the landing point, 𝑥𝑙 − axis and 𝑦𝑙 −axis perpendicular with 𝑧𝑙 −axis satisfies a right-handed 

coordinated system. 

Furthermore, let the 𝑜𝑎– 𝑥𝑎𝑦𝑎𝑧𝑎 coordinate system origin be fixed with the asteroid mass 

center.  

 
 

Fig. 1. Coordinate system definition in a reference frame 

2.2 Landing Dynamic Equation 

The landing dynamic equation in asteroid center inertial coordinate system can be obtained 

by: 

 

𝑑2𝐫

𝑑𝑡
= 𝐅 + 𝐔                                                                   (1) 

 

where: 

- 𝐫 is the position vector from the landing point mass center to the spacecraft, 

- F is control acceleration, 

- U is the target asteroid gravity potential. 

 

To obtain the dynamic equation depicted in the landing site coordinate system, relative 

differentiation is required: 

𝑑𝐫

𝑑𝑡
=  �̇� +  𝝎 × 𝐫                                                                (2) 

𝑑2𝐫

𝑑𝑡
=  �̈� +  𝟐𝝎 × �̇� + �̇� ×  𝐫 +  𝝎 × (𝝎 ×  𝐫)                                     (3) 



then: 

�̈� = 𝐅 + 𝐔 −  𝟐𝝎 × �̇� + �̇� ×  𝐫 +  𝝎 × (𝝎 ×  𝐫)                               (4) 

Where 𝝎 is the revolution angular velocity vector of the landing site coordinate system 

𝑜𝑙– 𝑥𝑙𝑦𝑙𝑧𝑙 relative to the asteroid center inertial coordinate system. 
 

If the spin axis of the target asteroid 𝑧𝑙  is coincident with the asteroid’s maximum inertia axis 

l and the target asteroid rotates uniformly with the constant rate of revolution 𝝎𝒂. we can 

simplify the equation letting, 

�̇� = 0                                                                            (5) 

The landing dynamic equation in vector format is obtained by: 

�̈� = 𝐅 + 𝐔 −  𝟐𝝎 × �̇� −  𝝎 × (𝝎 ×  𝐫)                                         (6) 

All vectors in Eq. (6) are projected to the three axes of landing site coordinate system (𝛴𝑙) 
[2], then, the scalar format of spacecraft motion equation in (𝛴𝑙) can be obtained 

 

[

�̈� − 2𝝎𝒂 sin 𝜙 �̇� − 𝝎𝑎
2  sin2 𝜙 𝑥 − 𝝎𝑎

2  sin𝜙 cos𝜙(𝑧 + 𝑅0)

�̈� + 2𝝎𝒂 sin𝜙 �̇� + 2𝝎𝑎 cos𝜙 �̇� − 𝝎𝑎
2𝑦

�̈� − 2𝝎𝒂 cos𝜙 �̇� − 𝝎𝑎
2 sin𝜙 cos𝜙 𝑥 − 𝝎𝑎

2 cos2 𝜙( 𝑧 + 𝑅0)

] =  [

𝑈𝑙𝑥 + 𝐹𝑙𝑥

𝑈𝑙𝑦 + 𝐹𝑙𝑦

𝑈𝑙𝑧 + 𝐹𝑙𝑧

]           (7) 

Where: 

- x, y, z are the three components of the spacecraft position vector  

- [0, 0, 𝑅0]
T is the vector from the target asteroid mass center to the origin of landing site 

coordinate system, 

- 𝑈𝑙𝑥 , 𝑈𝑙𝑦 , 𝑈𝑙𝑧 are the components of the gradient of gravitational potential and 

- 𝐹𝑙𝑥 , 𝐹𝑙𝑦 , 𝐹𝑙𝑧 are the components of the control accelerations. 

Similarly, assuming that 𝝎𝒂  from Eqn. 7 is very small, the 𝝎𝑎
2  becomes smaller, so the term 

including 𝝎𝑎
2  can be eliminated. On the other hand, as the landing site is selected φ is the 

constant parameter then Eqn. 7 can be simplified as follows [10]: 

 

[

�̈� − 2𝝎𝒂 sin𝜙 �̇�
�̈� + 2𝝎𝒂 sin𝜙 �̇� + 2𝝎𝑎 cos 𝜙 �̇�

�̈� − 2𝝎𝒂 cos𝜙 �̇�
] =  [

𝑈𝑙𝑥 + 𝐹𝑙𝑥

𝑈𝑙𝑦 + 𝐹𝑙𝑦

𝑈𝑙𝑧 + 𝐹𝑙𝑧

]                                (8)              

        

[
�̈� 
�̈�
�̈�
] = [

𝑏1�̇�  +  𝑈𝑙𝑥 + 𝐹𝑙𝑥

− 𝑏1�̇�  −  𝑏22�̇�  +  𝑈𝑙𝑦 + 𝐹𝑙𝑦

𝑏2�̇� + 𝑈𝑙𝑧 + 𝐹𝑙𝑧

]                                        (9) 

 

where: 

𝑏1  =  2𝝎𝒂 sin𝜙 

𝑏2 = 2𝝎𝑎 cos𝜙                                                       (10)  

 



Equation (9) is linearized to a first order differential equations system to compute easier the 

solution, so it yields: 

 

[
 
 
 
 
 
�̇�1

�̇�2

�̇�3

�̇�4

�̇�5

�̇�6]
 
 
 
 
 

=

[
 
 
 
 
 

𝑥4

𝑥5
𝑥6

𝑏1𝑥5 + 𝑈𝑙𝑥 + 𝐹𝑙𝑥

−𝑏1 𝑥4 − 𝑏2𝑥6 +𝑈𝑙𝑦 + 𝐹𝑙𝑦

 𝑏2𝑥5 + 𝑈𝑙𝑧 + 𝐹𝑙𝑧 ]
 
 
 
 
 

                                         (11) 

Parameter U and F will be defined later. 

 

 

4.3 Trajectory Plan 

The planned landing trajectory can be defined as three power polynomial form, the cubic 

spline to satisfy the boundary condition is given by: 
 

𝑍(𝑡) =  𝑎0 + 𝑎1𝑡 + 𝑎2𝑡
2 + 𝑎3𝑡

3                                            (12) 
 

𝑎0, 𝑎1, 𝑎2, 𝑎3 are the cubic function coefficients. 

 

The desired descent altitude and velocity is defined to satisfy the requirements of soft landing 

on the asteroid surface. Thus, multinomial coefficients are necessary to satisfy the initial and 

terminal constraints. The boundary condition is given by: 

 

𝑍(0)  =  𝑍0 
�̇�(0) =  �̇�0 
𝑍(𝜏)  =  𝑍𝑛 
�̇�(𝜏) =  �̇�0                                                                 (13) 

 

where: 

 

𝑍(0) and �̇�(0) are the initial position and velocity at the time 0 in the descending plan 

trajectory. 

 

𝑍(𝜏) and �̇�(𝜏) denotes the planned altitude and the altitude change rate at time 𝜏 
 

Using Eqn. (13) the planned descent trajectory can be obtained by [1]: 

 

𝑍(𝑡) =  𝑍0 + �̇�0(𝑡) + (3𝑍𝑛 − 3𝑍0 − 2�̇�0𝜏)(
𝑡

𝜏⁄ )
2
+ (2𝑍0 + �̇�0𝜏 −  3𝑍𝑛)(𝑡 𝜏⁄ )

3
     (14)  

 

The time derivative of Eqn. (14) give us the descent velocity. 

 

�̇�(𝑡) =  �̇�0 + (6𝑍𝑛 − 6𝑍0 − 4�̇�0𝜏)
𝑡

𝜏2⁄ + (6𝑍0 +  3�̇�0𝜏 −  6𝑍𝑛) (𝑡
2

𝜏3⁄ )           (15) 

 



3. Results (Simulations and Modeling). 

 

3.1 Planned Trajectory. 

Let τ = 4000 s., the altitude position 𝑍(0)  =  9000 𝑚., and the initial velocity the descent 

velocity Ż(0) = − 1m/s, the planned position and velocity descent time history obtained is 

showed by Figure 2  

 

Fig. 2. Landing planned position and velocity descent time history 

Descending velocity time history curve �̇�(𝜏)must to be planned to reach touchdown at the 

desired point 𝑍(𝜏) the shortest possible time.  

The initial conditions for the descent phase and landing are assumed in Table 1. 

Table 1    

Initial state and landing conditions    

Coordinates x y z 

Descending initial Position (m) 3550 4050 11000 

Descending initial velocity (m/s) 1.2 -2.2 -1 

Landing initial position (m) 350 300 2000 

Landing initial velocity (m/s) -1.2 -0.2 -1 

Landing final site 20 20 20 

 

Introducing initial conditions in MATLAB Algorithm we obtain the descent trajectory time 

history and the descent position time history as shown in Figure 3. 

 

Fig. 3. Descent planned trajectory 



 

As in the previous plot, figure 4 shows the landing trajectory time history and the landing 

position time history, for this purpose it is considered, 

 

Fig. 4. Landing planned trajectory 

 

In figure 5, it can be seen the complete descent-landing trajectory. 

 

Fig. 5. Descent-Landing planned trajectory 

 

 

4. Conclusions 

This study is part of a research work whose main objective is the determination of the optimal 

time for the descent and landing of a spacecraft in a satellite using the concepts of the Tau 

theory. In a first specific objective and with supposed data, the simulation of trajectories with 

the cubic polynomial method has been demonstrated. The use of the dynamic equation with 

all its parameters is pending for future works. The final work is expected to demonstrate the 

effectiveness of the tau approach concept. 
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ABSTRACT 

To ensure Orbital Factory II (OFII) is flight ready the system must undergo shock/vibe testing and 

thermal vacuum testing. The testing will be conducted at the CubeSat Lab located in the UTEP 

education building basement. The testing will be performed with the use of the vibe lab LW 

123.141-225D12 Duo Based Shaker and the in house high vacuum chamber. Outgassing testing 

will be done to ensure the system stays within regulated limits of less than 1% total mass loss [1]. 

Random vibration levels have been obtained via launch provider ULA. Shock and vibe testing will 

focus on achieving acceptance and qualification for CubeSat structure and constituent parts.  

             

Figure 1: Shaker unit and table    Figure 2: P-Pod mounted to shaker  

            

Figure 3: Random Vibe Profile          Figure 4: Shock Profile  

 

1. Introduction  

 The OFII missions goal is to reach geostationary transfer orbit (GTO) to test the UTEP developed 

3D printer in microgravity, and to determine the systems ability to monitor and control surface 

charge through the Van Allen radiation belts. The system will experience both acoustic and 



 

vibrational excitation while in transport within the Atlas V rocket. The shock and vibe test is done 

to ensure the systems ability to maintain functionality and structural integrity during and after 

excitation. More specifically the vibe testing will seek to assure that no wires become loose, 

constituent parts have sufficient clearance between them during loading, and that no fractures 

occur. Considering OFII will operate in vacuum conditions the system and constituent parts must 

be tested at near vacuum conditions. The focus of vacuum testing will be to ensure the components 

ability to function as intended in space like conditions, and to insure the system meets outgassing 

requirements 

 

2. Shock and Vibe 

2.1 Equipment  

The CubeSat lab is fitted with the Vibe lab shaker system (shown in Figure 1). The system consists 

of a duo based shaker with max random force of 350 lb (rms), a max shock force of 1000 lb, and 

fitted to a 12 x 12-inch shaker table [3]. The shaker can be aligned horizontally as well as vertically. 

A control accelerometer is used to ensure the shaker is giving of appropriate excitation levels. The 

accelerometer will be mounted on the face of the shakers vibrational unit. The system requires a 

PC to be connected to the system controller with LabWorks software installed. Test articles will 

be mounted to the table using ¼’’ diameter steel machine screws. 

 

2.2 Test Articles  

A Poly Picosatellite Orbital Deployer (P-Pod) has been replicated to better simulating the launch 

environment the CubeSat system will experience during testing. The system will be contained 

within a similar pod and thus the effects of the pod on the system must be taken into account while 

conducting vibration testing. The pod is made of aluminum 6061-T6 and has a mass of 

approximately 2kg. The chassis will be tested independently, and with all other components 

mounted to it. The printer will be mounted to the chassis during its testing. There will be several 

PCBs that will need to meet compliance, many have been produced at UTEP, but some of the 

externally acquired boards will need be excluded from the testing. All non-easily replicable 

components will be simulated using “dummy/substitute loads”. 

 

2.3 Vibe Test Plan  

2.3.1 General 

Test articles will all undergo vibrational lading of 3db and 6db above launch providers expected 

maximum excitation as required to have components qualified for the mission [2]. Taken as power 

ratios the articles will have to withstand acceleration spectral densities (ASD) that are two (3db) 

and four (6db) time stronger than expected values. The tests will begin with the activation of the 

VibeLab systems PC. The standard operating procedure (SOP) for the shaker table written by 

Hector Lugo and Hector Echevarria will be used to set up VibeLab components such as the power 

amplifier and controller as well as to set up the desired vibration frequency on LabWorks software. 

The tests will all be random vibrational tests. All test articles will be vibrated on three axes (X, Y, 



 

and Z). The criteria for success will be based on visual inspection of the test articles, and on 

measurements of tightening torque before and after tests are conducted. Visual inspection is meant 

to assure that no material deformation has occurred to the test article/s and to ensure that 

components remain connected to one another in a satisfactory way. Tightening torque 

measurements are meant to gage the structures integrity; while a test may not physically damage 

a test article the loosening of the systems fasteners may lead to problems in later stages of the 

mission.  

 

2.3.2 Test axes considerations  

Vibrational testing of articles can be accomplished easily on two axes (X, Y) from an operational 

point of view as testing will only require the article be rotated by 90 degrees and remounted. Tests 

on the Z axis may be conducted by mounting test articles to the shaker base while the shaker is in 

a vertical orientation, or by constructing a horizontal facing plate to attach to the base horizontal 

shaker plate and mounting the test articles to the new vertical base. A possible alternative to testing 

along the Z axis would be to use an FE model to simulate the vibe profile along the Z. The FE 

model would eliminate complications associated with conducting physical tests along the Z axis. 

 

2.4 Shock Test Plan 

The shock testing for the system should follow the same general procedure as the vibe testing with 

the only difference being the setting and profile loaded to the VibeLab software. The issue with 

physical testing is that the shaker unit currently at the disposal of the testing team is incapable of 

achieving the required excitation limits. To overcome the limitations imposed by the equipment 

currently in hand, the team has elected to generate an FE model for the shock portion of the testing. 

Physical tests will be conducted at lower excitation levels in order to evaluate the models ability 

to accurately predict shock loading effect on test articles; with the assumption being that if model 

should predict the effects at the lower excitation if it can predict the effects at desired excitations.  

 

3.Vacuum 

3.1 Equipment  

A vacuum chamber with an inner volume of roughly 35 cubic feet is fitted with a Turbovac 450i 

vacuum pump will be used for the thermal vacuum outgassing testing. The chamber has the 

protentional of reaching a minimum pressure of 5·10-10 mbar or 3.75·10-10 torr [4]. The chamber is 

fitted with several thermocouples used to measure temperature at different locations along the 

chambers walls.   

 

3.2 Test Articles 

All OFII components that will launch into space will need to demonstrate functionality in the 

chamber.  



 

 

3.3 Vacuum Test Plan 

3.3.1 Component Functionality Verification 

The power system, 3D printer, and PCBs associated with the OFII mission will be placed within 

the vacuum chamber and subjected to high vacuum conditions (7.5·10-4 torr or less). The test 

articles must demonstrate regular functionality within the chamber while the test is being 

conducted. Functionality will be determined by feedback given by the system components through 

wires connecting electronic test articles within the chamber to a data acquisitioning devise outside 

of the chamber. 

 

3.3.2 Thermal Vacuum Outgassing  

Outgassing tests will be performed according to the ASTM E595 [1] standard. The outgassing tests 

will focus primarily on the non-metallic components of the system as metals typically do not 

experience high levels of outgassing. Test Articles will be placed in an isolated location with an 

ambient temperature of 25°C and 50% relative humidity for 24 hours. The test articles will be 

weighed before entering the chamber. The test articles will then be placed within the vacuum 

chamber and subjected to pressures no greater than 5·10-5 torr. The test articles will be heated to a 

temperature of at least 125°C via conduction through a copper wire. The articles will be left in the 

for 24 hours and then weighed once time has elapsed. The ratio of the difference of initial and final 

weight over the initial weight will be how the total mass loss is determined.  
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ABSTRACT 
 The objective of this preliminary analysis is to create and dynamically test a model of the                
control system for the JANUS lander developed by the Center for Space Exploration and              
Technology Research (cSETR). This robotic lander uses liquid methane and liquid oxygen as             
propellants as a less toxic and safer alternative to traditional fuels. The alternative fuel mixture               
also has demonstrated an increase in engine performance, as well as a more efficient propulsion               
system. The vehicle will be powered by a single 2000lb CROME-X rocket engine which will be                
gimbaled to control altitude. Rotations about the vertical axis will be controlled by the Reaction               
Control Engine (RCE). The dynamic simulation program MSC Adams will be used for testing              
along with MATLAB Simulink for coupling and controls integration. 

A simplified, 2D model of the Janus lander was considered for analysis. This             
mathematical model describes the movement of the vehicle dependent on thrust, mass, inertia             
and angle relative to the defined axes. Three equations of motion were produced from the 2D                
model, describing the motion in the x- and y-axis, along with the angular deflection. Linearizing               
these equations of motion, a feedback control loop was created and simulated on the Adams               
software through MATLAB. The effects of the input signals within the feedback loop were tested               
and altered to achieve the required range of control. This simulation also serves as a dynamic                
validation of the Janus Mission Profile as described in  Structural Design of Liquid             
Oxygen/Liquid Methane Robotic Lander Janus .  [1] 
 
1 Mission 
1.1 Design of the JANUS Lander 
The JANUS lander is a vehicle designed to test the use of a liquid oxygen and liquid methane as                   
an alternative to traditional fuels in a craft powered and articulated by a 2000lb CROME-X               
gimbaled rocket engine and the RCE. The lander was developed by the Center for Space               
Exploration and Technology Research (cSETR) at the University of Texas at El Paso (UTEP).              
The liquid oxygen and liquid methane serves as a less toxic propellant combination than              
dinitrogen tetroxide (NTO) and monomethylhydrazine (MMH) that are commonly used in the            
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industry today. [2] For the structural design of the craft, six different concepts with varying fuel               
tank configurations were considered. The decision for the current iteration was chosen after             
completing finite element analysis on each model along with trade studies. [1] 

 
1.2 Objectives 
In order to maintain the trajectory of the Janus vehicle during flight a virtual prototype will be                 
made of the controls that adjust the angle and thrust of the vehicle. Simulations of these controls                 
save money on testing and have shown to be effective. Zhou et. al show the viability of using                  
these "virtual prototypes" by successfully testing the optimized control parameters (created with            
an Adams-Simulink co-simulation) of their two-axis inertially stabilized platform system in a            
moving vehicle and on a unmanned aircraft in the air . [3] The objective of this project is to create                   
a preliminary design of the PID controller using a Adams-MATLAB Co-Simulation to control             
the magnitude of thrust along with the angles it is applied at, via the gimbaling system. A thrust                  
profile was created prior to the start of this objective, and the results of our dynamically modeled                 
system in MSC Adams must match it.  
 
2 Process 
2.1 2D Janus 
A 2D Janus model, Fig. 1, was created to simplify the problem by restricting the movement to                 
two dimensions, x and y. This reduced the degrees of freedom from six to three, and streamlined                 
the process of finding the equations of motion discussed in section 2.3. This approach was taken                
to focus on prototyping the controls system, co-simulation between Adams and MATLAB, and             
designing the thruster gimbal. Once these tasks are completed, the model will be expanded to               
three dimensions, which will be analyzed again, and updates to the controls system will be made. 
 

 
                                                 Fig. 1. 2D Janus schematic. 
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2.3 Equations of Motion 
The equations of motion describe the motion, from forces, in the x and y directions, along with                 
the rotation about the z axis [4] .  

 
 

Linearized Variables: 

 
 

Linearized Equations of Motion: 

  
 

3 Adams-MATLAB Co-Simulation 
A simple Adams model was created to simulate the Janus lander as shown in Fig. 2. This                 
cylinder had a diameter of 4 ft, a height of 2 ft and a mass of 1500 lbs. The thrust was simulated                      
as a point force with a fixed value. In order to run the co-simulation with MATLAB, elements in                  
Adams were created that measure the inputs and outputs shown in Table 1.  
 
                                           Table 1. Adams Controls inputs and outputs 

Inputs Outputs 

Force Magnitude X-Position 

Force in X direction Y-Position 

Force in Y direction (Angle of model withθ     
respect to global coordinate    
system) 
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Once the '.adm' file was created in the Adams control module it was accessed in MATLAB and                 
the 'adams_sys' simulink file was generated [5] . From this file the 'adams_sub' module was copied              
and pasted into a control loop designed in MATLAB, a preliminary control loop is shown in Fig.                 
3. This loop uses the simulink PID controller as a mean to control the position and angle of the                   
model. 
 

 
                                            Fig. 2. Janus Adams model on "ground" before simulation. 
 
  
 

    
Fig. 3. Preliminary MATLAB/Simulink control loop (left) and contents of the 'adams_sub' generated by 
Adams (right) . 
 
4 Future Work 
As a continuation of this project a customized controller will be made in MATLAB using the                
equations of motion discussed previously. This controller will also take into account the             
changing mass of Janus as it burns fuel for a more accurate simulation. A gimbaled system will                 
also be designed and modeled in Adams and controlled using co-simulation techniques similar to              
those discussed in this paper. Finally a 3D model and simulation of Janus will be made                
considering and controlling the gimbal system in all directions. 
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ABSTRACT 

The paper discusses the actuation system of the 2000 lbf and 500 lbf liquid oxygen (LOX) and 

liquid methane (LCH4) rocket engines. The actuation system discussion focuses entirely on the 

water testing performed on the system. It includes the parameters considered for the test along 

with challenges encountered thought out the test. Also, the results of the water test are included 

along with solutions for future development of the actuation system. 

Introduction 

Two throttleable engines are being developed by the Center for Space Exploration and Technology 

Research (cSETR), providing up to 2000 lbf and the 500 lbf. To meet the throttling requirements 

placed on the engines, actuation of the valves will be utilized. Precise control of the valves is 

essential to vary the thrust for the vehicle control. An actuation system was designed to have valves 

with a response time of less than half a second. After failing to find a Commercial off the shelf 

system that met our requirements the valve and motor were sized separately. The valve was 

selected as a V-port valve to allow for a more linear control in the flow as the position of the port 

changes. In addition, an interface system was designed to transfer the torque from the actuator to 

the valve and protect the motor from the cryogenic temperatures.  

This subsystem is essential to the engine operation and underwent verification test before it was 

installed into the main engine system. Verification tests were used to  calculate the actual flow 

coefficient reached at each position of the valve. This information will be compared with the 

manufacturer’s flow coefficient chart to see if those values correspond with the experimental 

values. Additionally, the valve position and the change in pressure will be analyzed as well.   

 Test Setup 

The test set up was constructed using one-inch piping and included the following components: 

turbine flow meter, a positive displacement pump, ball valves, globe valves, and the actuation 

system (Test Article 1, TA-1). The pipe and instrumentation diagram are shown in figure 1.  

Instrumentation and system components were sized to support up to 16GPM and a maximum 

operating pressure of 125 psi; relief valves were set to 115psi as a safety measure. Due to the 

turbine flow meters’ sensitivity to over spin, a bypass was implemented to the system. This would 

allow for flow to be introduced in a controlled manner. The system has two outlets which allow 

for water to flow through the system and pump at all times; a critical feature to prevent deadhead.  



 

Fig.1. P&ID of actuation water test. 

 

Testing Operations. 

During testing the tank was filled with city water, and all bypasses were completely open. The 

Pump was activated, and the flow developed. Upon confirmation of developed flow through the 

bypass the valves surrounding the flow meter were opened slowly and the flow meters spun up. 

Eventually the valves were completely open, and the flowmeter bypass was closed. The 

secondary bypass was then slowly shut until the pressure passing through the test article was at 

the desired level. The system was allowed to reach steady state then measurements of flowrate 

and pressure before and after the test article were taken. The test was repeated multiple times and 

at different flowrates and pressures in order to ensure accurate results.  

Results 

Upon completion of the test campaign for the valves in question, the data was reduced and 

compared to the data given by the valve manufacturer. After reducing the data it was found that 

there was large amount of error in the flow meters readings below 3 GPM which corresponds to 

the valves being approximately 40% open. Due to this the data was deemed unusable in this 

region. For the remaining data points the Flow coefficient was calculated using the following 

equation.  

𝑪𝑽 = √
𝑺𝑮

∆𝑷
 

Where SG is the specific gravity of the fluid and P is the fluid pressure.  

(1) 



Based on this the figures 2 and 3 were created.  

As it can be seen from these two graphs the v-port balls behaved as predicted and had a nearly 

linear response for throttling the flow. Additionally, the Cv was plotted versus % open in order to 

directly observe if these valves will be sufficient for rocket testing, this can be seen in figure 4. 

Upon review of the requirements for throttling the engine it was deemed that the minimum Cv 

value that could be accepted for the engine tests is 14.7, because of this the valves were deemed 

unfit for use in the test of the engines and new valves would need to be selected.  

Conclusion 

Overall, the testing process went as expected. The test was performed multiple times, each test 

producing consitent results. Although the 60° V-port balls were not able to support the flow as 

required by engine. Upon further research we have found a similar V-port ball that should 

support the flows that are required. These balls are given a  90° V-port, which allows for less 

pressure drop through the valve and increases he flow through them. The team will purchase the 

new balls and install them within the valves in the coming months. Allowing them to be water 

tested again before being used in the CROME and CROME-X testing this year.  
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ABSTRACT 

Due to the advancement and growth of the NASA project at cSETR, a high demand for data 
collection and monitoring has emerged for testing. This paper will discuss and validate the 
overall design of the Data Acquisition System (DAQ) for the testing of a 500 lbf and 2000 lbf 
thrust engines. The DAQ system is part of the MICIT system composed of various sub-
systems, being power, network communication, and housing and interface. The design will be 
validated by introducing the instrumentation chosen for each sub-system and discussing how 
their capabilities satisfy the requirements of the entire system. 

1 Introduction 

A DAQ system is very common in testing applications due to its ability to monitor and 
collect data of physical phenomenon. A DAQ system consists of transducers, DAQ devices 
and a computer with programmable software. Transducers or sensors are in charge of 
converting physical phenomenon to electrical signals. The DAQ device has a signal 
conditioner and an analog-to-digital converter to ‘clean up’ or enhance the analog signal 
provided by the sensor and convert it to a digital signal. Computers can only read digital 
signals, therefore the digital signal outputted from the DAQ device can be read and 
manipulated through a computer software. The difficulty of designing a DAQ system is 
choosing the correct instrumentation for your application. This paper will mainly focus on 
validating the hardware for data logging and integration.  

2 Background 

Due to the advancement of the 2000 lbf and 500 lbf thrust propulsion systems, a demand to 
monitor, control, and collect data while being mobile emerged for testing applications. In 
order to meet challenges of precise remote system operation and data acquisition during 
engine testing, cSETR designed and built the Modular Instrumentation and Control Interface 
Trailer (MICIT). The MICIT is a fully enclosed, transportable system that contains the data 
acquisition system discussed in this paper, capable of collecting data from a myriad of 
aerospace testing instrumentation. “The MICIT also has the ability to remotely control 
mechanical components and built-in safety features, both, software-based and hardware, to 
optimize system performance, while ensuring safe operation. [1]” 

3 System Requirements 

 The system must be able to communicate data and operational commands 
between the tRIAC test stand and the tRIAC control room or the HQ site (distance 
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~1000ft). 
 The system must be self-enclosed and fully transportable within the facility 

through the use of a small pick-up truck or a van. 
 The system must be able to operate in an outdoor environment during testing 

activities. 
 The system must be able to power and operate all ground propellant system valves, 

hardware, and test instrumentation. Minimum instrumentation quantities for testing 
are listed in Table 1. 

Table 1: Minimum Instrumentation Requirements for Engine Testing 

Hardware/ 
Instrumentation 

Quantity Excitation 
Voltage 

Signal 
Output  

Max 
Sensing 

Frequency 

Thermocouples E-Type 32 0 V 61 µV/Cº 1 Hz 

Thermocouples K-Type 32 0 V 41 µV/Cº 1 Hz 

Static Pressure Transducers 10 10-12 VDC 30 mV 
Nominal 

35 kHz 

Dynamic PT  5 20-30 VDC 5.0 mV/psi 100 kHz 

Load Cell   5 10-15 VDC 3mV/V 1 kHz 

4  Design 

4.1 DAQ System 

The design of the DAQ system was tailored to be customizable by selecting a modular 
platform. The DAQ device selected is the NI Compact DAQ which consists of a chassis with 
8 available slots allowing for the interchangeability of modules. The modules selected for 
data logging for our application are five temperature input modules (NI 9214) and two 
voltage input modules (NI 9205). The temperature input modules have internal signal 
conditioning that measure all types of thermocouple signal at a sampling rate of 68 Hz per 
channel. The Voltage input modules are ideal for any sensor that outputs voltage such as, 
pressure transducer and load cells. These modules measure a 0-10 V analog signal with a 
high sampling rate of 250 kHz per channel. A signal conditioning unit is to be used for the 
amplification of any signal output that is too dangerously low to measure with the voltage 
output module. The sensors that will use external signal conditioning are the dynamic 
pressure transducers, static pressure transducers, and load cells. Regarding the samples rates, 
the system was designed to sample at a frequency that is at least double of the frequency 
response.  

4.2 Power System 
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The DAQ system will be powered by an 8 VDC, 12 VDC and 24 VDC power sources. Each 
power source will be wired depending on the excitation voltage of each instrument. An 
Uninterruptable Power Supply (UPS) was also added for safety purposes and will be 
connected only to the MICIT system’s controls. This will enable the test to execute an 
emergency shut off scheme through the following of logical commands and ensure data has 
been saved. The UPS guarantees 7 min of run-time in a worst-case scenario where everything 
is powered on. The power consumption is illustrated in Fig. 1 below. 

 
Fig. 1.- A schematic of how the power sources will be wired and interfaced with the HQ site facility. 

4.3 Housing and Interface 

The entire DAQ system will be housed by a 23”x32”x84” and a 23”x32”x76” two rack 
layout. The larger rack will house all the power and alternating current components due to the 
induction of noise it may cause to the signal-carrying components. The shorter rack will 
house the controls and data collection sub-systems, including the transducer interface panels. 
As shown in Fig. 2 below, located at the front of the racks will be the interface panels for the 
transducers and valves. In addition, all the racks and subsystems will be enclosed inside a 
14ft. x 7ft. 7 ft. trailer. This trailer will serve as the primary transportation vehicle for the 
overall system to travel around the facility. The racks will be mounted near the wheel axels of 
the trailer to yield more stability.  



DATA ACQUISITION SYSTEM FOR ENGINE TESTING 
 

 

Fig. 2.- Illustrates the panel configuration. The Power Rack is the one in the left and the DAQ Rack is shown 
on the right. 

4.4 Network Communication 
The approach used is a fiber based network. Due to its renowned ability to transfer large 

amounts of data with little loss across large distances, fiber optic cable was chosen as the 
base carrier to relay data from the control room to the test stand (1000 ft). “The network 
design includes two Cisco 28-Port Gigabit Managed Switches (Cisco,SG300-28), 4 single 
mode , 2.5 Gbps transceivers (Fibertronics, SFP-LX-SM-0310), and a spool of 1100ft., 4 
strand, outdoor single mode optic fiber cable (LANshack,PRO-769-S-O-4-FC/APC-2P-1100).  

[1]” A schematic of the Network communication is shown in Fig.3. “The network switches 
have an overall switching capacity of 56Gbps and can forward standard 64-byte packets at a 
rate of 41.67Mpps between networked devices. The fiber optic cable in between these two 
transceivers is an outdoor-grade, 4 x 1310nm strand, single-mode optic fiber cable. This cable 
has a total loss of 0.305 dB over the entire distance of the optic fiber cable, which is 
negligible as it is 1.6% loss off the overall transceiver light intensity capacity. [1]” 
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Fig.3 .- A schematic of the network communication of the MICIT side. 

 
5 Conclusion 
The MICIT system satisfies every requirement as stated in the requirement section, therefore 
it should be used as the primary interface for the testing of the 500 lbf and 2000 lbf 
propulsion systems. The MICIT system has been overdesigned to be reconfigured to satisfy 
the requirements of future tests, without the necessity of purchasing additional 
instrumentation. Lastly, the system is currently being assembled and will be completed and 
fully functional starting May, 2018.  
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ABSTRACT 

The Center for Space Exploration and Technology Research (cSETR) currently has a focus on 

developing LOX/LCH4 propulsion systems namely the CROME; 500lbf thrust rocket engine. The 

CROME is to be used as part of the propulsion system on the vehicle Daedalus which is a 

suborbital test bed also in development at the cSETR. This paper discusses the components used 

in the CROME testing system called the GPS (Ground Propellant System). This setup is currently 

being built at the cSETR Headquarters site in Fabens, TX and is set to be complete by mid-April. 

This paper describes requirements placed on the system such as operating pressures and 

temperatures, the sizing of the system and feed lines, and the hardware that will be used during 

testing. 

1    Introduction  

 

The UTEP cSETR has a focus on LOX/LCH4 propulsion research and has been developing 

multiple rocket engines ranging from 5lbf to 2000lbf thrust. The cSETR recently acquired a large-

scale testing facility located in Fabens, TX for combustion and propulsion research. The CROME 

is a 500lbf rocket engine that will be integrated into the Daedalus vehicle that is a LOX/LCH4 

demonstrator1. The CROME is currently in the first stage of development and GPS testing will be 

completed to verify the proof of concept.  

The objective of the CROME testing is to ensure the functionality and repeatability of testing 

results. In order to ensure high functionality and repeatability, the GPS system is being designed 

to include instrumentation that will monitor and the feed system temperatures, pressures, engine 

vibration, and flow rates. Not only will the selected instrumentation monitor the important system 

components, it will also act as fail-safe mechanisms that will activate emergency automated 

procedures that will prevent hardware damage. The GPS is scheduled to be completed by April 

2018 and CROME testing is to be completed by Summer 2018 
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2    GPS Requirements 

 

The driving requirement for the GPS is the operating pressure which is set to be at a nominal 350 

psia. All system components are to be sized based on the nominal 350 psia with a factor of safety 

(FOS) of 1.5. The system will be a pressure driven using 8 gaseous nitrogen k-bottles stepped 

down from ~4500 psia to 350 psia. The operating temperature for both the LOX and LCH4 line 

will range from -361 °F to -214 °F and -295 °F to -152 °F2, respectively, depending on if the fluid 

subcooled or saturated. To ensure the feed lines and propellant tanks are subcooled as long as 

possible, all portions of the system that come into contact with the cryogenic propellants will be 

insulated using Cryogel.  

 

In order to prevent liquid lock, where cryogenic fluids become entrapped between two solenoid 

valves, the system is designed to relieve pressure with relief valves. In the event that the pressure 

increases rapidly due to component failure, there will be pressure transducers that will activate 

redline procedures allowing for the raised pressures to be relieved by means other than using the 

relief valves. Dynamic pressure transducers will also be placed on the engine to monitor the engine 

transients and to show if the engine experiences hard starts. K-type thermocouples are also to be 

placed radially around the engine in order to monitor engine chamber and nozzle temperatures. 

 

All the components and hardware are to be assembled and placed on three, 7’ x18’ steel flatbed 

trailers.  The pressurant tanks are to be placed on the middle trailer and the propellant tanks will be 

placed a minimum of 15 feet apart from each other and 20 feet away from the engine flame. As an 

extra measure of safety, the k-bottles and propellant tanks will be enclosed by a protective barrier 

made out of Ballistic Kevlar sheets to prevent any puncturing due to unwarranted explosions. 

 

3    Hardware and Instrumentation  

 

The hardware for this project is extensive and can be summarized by analyzing the figure below. 

The figure shows the P&ID for the GPS and typical system components such as pressure 

transducers, thermocouples, solenoid valves, flow meters, etc. can be seen in Fig. 1-2. 
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Figure 1. P&ID of the GPS  
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Figure 2. P&ID of the engine module 

 

 



At the top-center of Fig. 1, the GN2 pressurant tanks can be seen. These are both separated into 

sets of 3 and fed into the LOX and LCH4 sides individually. Downstream of the pressurant towards 

the LOX side of the system, the pressure is regulated by two sets of gas regulators; first one 

stepping down the pressurant from 4500 psia to 750 psia, and the second one stepping down the 

750 psia to 350 psia. This is monitored by a pressure transducer and a dial pressure gage in the 

event of electronic component failure. A series of vent valves are placed upstream of the LOX 

tank, one pressure relief valve, one solenoid valve, and one manual valve in the event of an 

electronic failure. These vents are in place to ensure there is no damage to the propellant tank due 

to over pressurization. 

 

On the propellant tank, several E-Type thermocouples are in place so that the fluid level can be 

monitored based on the outer wall temperature. Downstream of the propellant tank, a pressure 

transducer and thermocouple are coupled to monitor the propellant quality as it exits the tanks. A 

fill/drain manual valve is placed with a cryogenic filter to prevent contaminates from entering the 

feed lines/tanks. 

 

Downstream of the fill and drain valve, a one-way check valve bypass is placed around a solenoid 

valve. In the event of an emergency, the solenoid valve will close allowing only for propellant 

downstream of the bypass to flow back up to the tank due to building pressure and not allow for 

propellant to flow back downstream. A secondary filter is then placed right before the venturi flow 

meter. 

 

A venturi flow meter was selected as the flow measurement device because it can provide reliable 

flow rates under liquid conditions. Turbine flow meters were taken into consideration as the flow 

measurement device but, because they get damaged easily during gas flows, it would be difficult 

to operate them during the preconditioning phase.  

 

The GN2 is also connected directly to the engine module side as it is used as an inert purge to rid 

the engine and upstream tubing of flammable gasses. This is operated between tests to prevent any 

hard starts and lower the probability of unwanted combustion. The methane side is identical to that 

of the oxygen side. All three lines are connected to the engine module using ½” flex tubing. 

 

The engine module consists of several check valves that are in place to prevent back flow upstream 

of the engine module. The throttling valves are in place and are connected directly to the engine. 

These are stepper motor valves that are actuated based on the desired flow rates and thrust per test. 

There are also multiple vent lines that will allow for preconditioning of the engine without the 

mixing of highly combustible gasses. Both the oxygen and methane will be vented away from each 

other at distances over 50 feet. 

 



The engine body contains several static and dynamic pressure transducers. These pressure 

transducers not only allow for monitoring of steady state engine operation but also allow for 

transient startup to determine if there are any issues during the ignition process. Like mentioned 

prior, K-Type thermocouples are placed radially around the engine to monitor the chamber and 

nozzle temperatures. These thermocouples will show how well the film fuel cooling lines are 

operating, how hot the engine walls are during steady state operation and will also trigger the 

redlines placed due to potential material failure. 

 

4    Conclusion 

 

The GPS is a system that is currently being built at the UTEP cSETR Fabens Headquarters testing 

facility. The purpose of the GPS is to provide a platform to test the CROME engine repeatably and 

reliably. Considerations such as the nominal operating pressures and temperatures were taken into 

consideration during the hardware selection process and were driven by maintaining a FOS of at 

least 1.5. Much of the instrumentation has been designed to no only record data during testing but 

also prevent hardware damage from occurring due to overpressure or high temperature 

environments. The GPS is set to be completed in April 2018 and testing for the C\ROME in 

Summer 2018. 
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ABSTRACT 

Experiment design and control systems are as crucial as engine design itself in propulsion 
research and development. The outcomes of an experiment can affect subsequent design 
iterations and the determination if the design requirements have been satisfied. Three rocket 
engines are being developed by cSETR, the pencil thruster, CROME, and CROME-X engines, 
and need to be safely and accurately tested for performance. A real-time control system has 
been developed to control the solenoid valve operation, motor valve operation, and redline 
response of a rocket propulsion test. The design and operation of the control system will be 
discussed in further detail in the paper. 
 

1 Introduction 

1.1 Real-Time control  
The LabVIEW development environment has many optional software modules 

available for the type of control needed. The National Instruments (NI) Compact RIO (cRIO) 
Chassis and Controller utilizes a Field Programmable Gate Array (FPGA) target for fast control 
of a system. Using both the Real-Time and FPGA modules in LabVIEW allow the user to 
create a control system using the Rio architecture.“[1]” What allows the controller such a fast 
response time is the use of a compiled bitfile that is flashed onto the memory of the RIO, the 
bitfile is programmed to run continuously and is ready to respond to any logic statements that 
have been programmed. This controller uses an onboard 80MHz clock and is capable of 
microsecond resolution response time. Fig.1. shows the two methods for interacting with the 
FPGA target. The method on the left is called a Dynamic FPGA reference and allows the user 
to directly interact with the FPGA target using the FPGA bitfile inputs and outputs. The method 
on the right is programming the logic and compiling the bitfile directly onto the FPGA target. 
This system is responsible for controlling the solenoid valves in the system. Analog voltages 
are constantly being compared to several redline conditions. This will allow the system to react 
immediately to any temperature or pressure anomalies during testing operations.“[5]” 

1.2 Motor Control 

Another LabVIEW module used in control is called SoftMotion. This module allows 
the user to specify and control different motor axes as either standalone motion references or 
as a coordinate grid of coupled axes. This module also uses the Real-Time control of a cRIO 
controller but through the NI Scan Engine rather than the NI FPGA target.“[2]” The NI Scan 
Engine allows the user to use a FPGA controller to interface with motors on a top level Real-
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Time Virtual Instrument (VI). Fig.2. shows the interface between the top level VI and how it 
interfaces to the cRIO chassis, driver interface module, and third-party drive.“[3]” The Driver 
Interface module controls the third-party drive with a 0-5V analog voltage with a 12-bit 
resolution and houses the motor configurations and PID control.“[4]” Fig.3. shows the layout of 
how the Real-Time application interfaces with NI SoftMotion and the NI Scan Engine housed 
in the cRIO Chassis. Fig.4. shows how the motor physically interfaces with the third-party 
motor drive and how the motor drive interfaces with the NI-9514 motor driver interface 
module. All these figures demonstrate how the top level Real-Time VI is able to communicate 
with and control two different DC Brushed motors. These motors are responsible for driving 
mechanical valves that control the mass flow rate through the oxygen and methane inlets on 
the rocket engines. 
 

 
Fig.1. Real-time control using Dynamic FPGA reference (left) and FPGA bitfile compilation (right)“[1]” 

 

 
Fig.2. SoftMotion Motor control using Real-Time RIO Scan Engine to interface LabVIEW with a motor“[2]” 
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Fig.3. This figure shows the different interface options for cRIO control of a motor“[3]” 

 
Fig.4. cRIO and NI-9514 Motor Driver module interface to third party controller and DC Brushed Motor“[4]” 

 
 



2 Control Logic 
2.1 Top level VI Control 

LabVIEW control applications typically involve the use of what are known as 
LabVIEW projects. These projects organize relevant data files into libraries and corresponding 
network devices. The LabVIEW project library organizes all of the Real-Time cRIO inputs, 
outputs, and controls. The top level VI references sub-VIs and utilizes them as subroutines. 
The top level VI references the FPGA target inputs to control its operation and gives the cRIO 
Scan Engine instructions to give the motor drives. The basic logic and control for the top level 
VI can be seen in Fig.5. This flowchart shows the overall code logic from start to finish. After 
the VI is running it initializes everything and goes into a decision loop for when the user makes 
a command input. When the user does make an input it then asks was it a stop command or 
something else. A stop command will stop the code and close out the reference while anything 
else will trigger an event case to run the DAQ processes. There is a loop for the user interface, 
DAQ, data logging, data displays, and solenoid and motor valve control. 

2.2 Data Acquisition 
The data acquisition (DAQ) for these experiments will be handled by a device known 

as a compact data acquisition (cDAQ) chassis. The chassis contains three independent clocks 
and is capable of inputting up to 8 different data modules through a mux and an ADC to interact 
with the computer. A state machine running off the top level VI will be responsible for 
controlling the DAQ for these experiments. The instrumentation outputs millivolt signals 
which are then conditioned by the hardware and scaled into IU through the code logic. This 
data will be stored as an array of waveforms and recorded into a TDMS file. The TDMS file 
type was created by NI to be efficient for data storage that still contains all relevant information 
for the experiment such as channel names, units, time data. etc. The DAQ will be used for the 
purpose of storing and displaying data only; identical data input modules will be used in the 
cRIO system to monitor redlines. The advantage of separating these systems is to allow DAQ 
to be independent from control. This will allow the control systems to react independently and 
immediately to any redlines or emergencies without having to rely on the computer and 
hardware response limitations of the cDAQ. 

Fig. 5 This flowchart shows the simplified logic behind the top level VI and how it controls everything 
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3 Conclusion 
Real-Time control systems are essential for monitoring and controlling how an experiment 
behaves. The response time of these systems can sometimes be the difference between a 
successful test campaign and losing a test specimen. A cRIO and cDAQ will be used to control 
and gather data respectively and to run a test campaign for three different LOX/LCH4 rocket 
engines. The cRIO will independently control both Solenoid Operated Valves and Motor 
Operated Valves and monitor the system for redlines. With this configuration, the Motor 
Operated Valves will have a response time of 1ms and the Solenoid Operated Valves can have 
any response time with a microsecond resolution. The separate cDAQ will display and record 
all the data, storing it as a binary data file known as a TDMS file for later processing. 
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ABSTRACT 

The MIRO Center for Space Exploration and Technology Research (cSETR) has been 

developing a 2000-lbf and a 500-lbf rocket engine that use Liquid Oxygen – Liquid Methane 

(LO2-LCH4) as propellants for operation. The 500-lbf engine has been manufactured and is 

ready for testing. The 2000-lbf engine is currently in the final stage of design and will be sent 

for manufacturing in the upcoming months. The next stage in the development process is to 

test the performance of these engines. A load cell module was designed to measure the loads 

created by the engines along with a horizontal test stand to house the load module and the 

engines while being tested. Due to the variations of thrust provided by the rocket engines, the 

load cell module has the capability of adapting to the different needs by allowing the load 

cells to be changed and measure thrust up to 2,000 lbf. Both the load cell module and the 

horizontal test stand will be located at the MIRO cSETR Technology Research and 

Innovation Acceleration Park (tRIAc) in Fabens, Texas. The following work describes the 

design process of the load cell module. 
 

1 Project Background 

1.1 Introduction  

The next generation of Mars exploration landers must precisely and efficiently deliver 

payloads to sites of interest. In order to achieve this goal, private and governmental agencies 

have intensified the research and development of liquid rocket engines (LRE). Due to its In-

Situ resource utilization (ISRU) capabilities, the implementation of liquid oxygen (LO2) and 

liquid methane (LCH4) has been recognized as a top choice to be used as the primary rocket 

propellant for future Mars exploration missions. As part of the efforts of research and 

development of Liquid Oxygen-Liquid Methane (LO2-LCH4) propulsion systems, the MIRO 

Center for Space Exploration and Technology Research (cSETR) is developing the Daedalus 

and Janus space vehicles. Daedalus is a suborbital demonstrator vehicle meant to assess 

LCH4 integrated systems in space environment. On the other hand, Janus is a robotic lander 

with the capability of vertical take-off and landing used to test the parallel operation of LCH4 

propulsion systems. It has become necessary to assess the characteristics of the engines and 

verify the design of components to be used in flight vehicles to ensure mission safety. In 

order to do this, engine tests must be conducted to determine the actual thrust characteristics, 

specific impulse, and verify the resonant frequencies of the engine. 

 

1.2 Mission Overview 

The reason for the LO2-LCH4 propellant combination is because of the possibility of in-situ 

resource utilization (ISRU) on other planets. The ability to create resources on site has 

prioritized methane-enabling technologies to be researched. The use of LCH4 over other 
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cryogenic propellants will decrease vehicle size, minimize cost of propellant, provide easy 

storage, and reduce costs of missions. The cSETR has been developing 2000-lbf and 500-lbf 

engines that use this propellant, and the next stage in the process is to test these engines. In 

order to check the performance of the propulsion systems, a load cell module is being created 

to test the loads produced by the engines, as well as the horizontal test stand to integrate the 

load cell module and engine during testing.  

 
 

Fig.1.1 Static Thrust Measurement System Interface 

 

2 Load Cell Module Design 

The load cell module was designed not only for the 500-lbf, but also for the 2,000-lbf engine. 

Previous research was completed on the different techniques utilized to obtain thrust 

measurements. Based on the thrust stand located in NASA White Sands Test Facility, a 

compression thrust module was designed [4]. 

2.1 Load Cell Module Design Requirements  

The load cell module will be used to measure the thrust generated by the 2,000-lbf and 500-

lbf engines developed by cSETR. In order to serve as a measuring platform for future 

projects, the load cell module (LCM) is separated into three (3) different assemblies: a static 

interface, adaptable engine platform, and load cell base adapter. The separation of 

components allows an easy transition at the moment of interchanging to a different engine, 

which will be useful for testing higher thrust engines. Nonetheless, the load cell module 

required an easy transition during transportation, installation, and testing procedures. For that 

reason, the weight of the load cell module had to be under 200 lbm. This requirement was 

met by modifying the structural beams without compromising the structural integrity of the 

asset. It was accomplished by removing material from the beam web, which significantly 

helped reduce the weight. 

 

 
 

 

 

 

Fig.2.2 Load Cell Module System Interface   Fig.2.3 Top View of Load Cell Module Interface Plate 
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In order to collect data accurately, the LCM has three (3) strain gage pressure transducers that 

will convert the force applied into a measurable electric output. These transducers are 

installed one hundred and twenty degrees (120˚) apart on the adaptable engine platform. The 

reason why we chose to place only three (3) transducers equally separated was to not over 

constrain the measurement of the system, and also measure the off axis thrust of the engine 

(See Fig. 2.3). 
 

2.3 Load Cell Module Firing and Non-Firing Requirements  

Part of the design requirements is to determine the different loads that the LCM will 

experience in various operations. In order to define the loads, both firing and non-firing 

conditions were considered. Starting with the non-firing conditions, the first requirement was 

for the LCM to withstand 3g’s of load. This was determined due to the case of an accidental 

drop or topples for the LCM during installation, transportation, and operation. Also the CLM 

shall remain static during transportation and operation with a factor of safety of 2.0 to yield 

strength of the material determined. The third non-fire load requirement determines the LCM 

shall withstand the dead weight of both the 500 and 2,000-lbf engines. This requirement has 

to meet the safety factor of 2.0 to yield strength of the material. Similarly, the LCM shall 

withstand its own weight with a minimum of four (4) hitch points for transportation and 

installation with a factor of safety of 2.0 to yield. Additionally, it should resist the different 

impacts during operation and transportation such as accidental hammer hit, dropped 

instrumentation, lifting and set up. Besides the previous requirements described, the load 

module shall be easy to carry around and be limited to a maximum weight of 200 lbm. 

Nonetheless, the load requirements during firing operations were also defined. We must 

remember that the LCM will experience the load of two different engines; therefore, the 

LCM shall withstand 2,000-lbf distributed throughout the adaptable engine platform contact 

surface. The factor of safety to yield allowed under this condition must be 2.0 to yield 

strength of the material, which in this case is ASTM A500. On the other hand, the LCM will 

experience vibrations during the firing operations of the test. Therefore, the second 

requirement for the LCM is to have a dynamic first major node frequency over 100 Hz. 

Lastly, the LCM shall resist dynamic loading at amplitudes equal to or greater than the thrust 

level of both engines. 

 

3 Load Cell Module Design Validation 

3.1 Finite Element Analysis  

In order to complete the finite element analysis (FEA) of the design, the load cases that were 

implemented in the model had to be defined. Each load case depicts the various forces and 

loads that the LCM will encounter during the firing and non-firing operations. To ensure that 

the asset will not fail under those loads, a factor of safety was implemented to each of the 

components in the structure. This factor of safety was incorporated to maintain the weight of 

the asset under the maximum allowed weight, and at the same time provide a margin of 

safety.  

 

The load applied considers the engine loads. This load case takes into account the thrust 

generated by the engine, as well as the vibrations of the engine and acoustic disruptions. The 

engine loads were modeled by a mass point load, which was implemented as a simple point 

force in the engines location. This magnitude is an estimate developed based on the volume 

and density of the 2,000-lbf engine. Actual forces and frequencies experienced by the LCM 



will be determined once hot-fire testing has been completed, and later will be used to analyze 

the structural components of both Janus and Daedalus. 

The FEA model for each structural concept was developed utilizing Altair Hypermesh along 

with the Optistruct solver located within the software. The main purpose of completing the 

finite element analysis was to optimize the structural members of the load cell module, and 

identify areas of high stress concentration. This would allow the determination of an accurate 

estimate of the total weight of the load cell module, and the frequencies it will experience 

during firing operations. These two criteria were vital to determine the final design of the 

LCM, more specifically the web opening pattern on the structural beams. 

 

 
Fig.3.1 Load Cell Module Analysis Setup in Hypermesh 

 

All the components in the finite element analysis were replicated using a 2-D elements, 

which stress calculation can be determined by the following equation. 

 

                                              (1) 

 

Where B is the strain-nodal displacement matrix and d is the nodal displacement vector 

which is known for each element once the global finite element equation has been solved. 

After importing the geometry from the computer automated design software, the material 

selected in the FEA model for the structural members in the model had to be specified. A 

material card (MAT1) for ASTM A500 steel was created, in which the material properties 

such as Young’s modulus of elasticity (E), Poisson’s ration (ν), and density (ρ) were 

specified. The shear modulus was not specified in the material card for the FEA model since 

the software requires to specify either Young modulus of elasticity (E), or the shear modulus 

(G), and Poisson’s ration (ν). The missing property is derived utilizing the following 

equation.  

                                                      (2) 

 

Once the setup was completed for the design concept, the FEA model was run to obtain the 

stress analysis of the model. In order to set-up each load case, the boundary conditions had to 

be specified. The input of the boundary conditions into the software are composed of single 

point constraints, and load which were created in the load collection tool in Hypermesh. 

Apart from the load cases described in the previous section a model validation and a modal 



 

5  

STRUCTURAL DESIGN OF THRUST MEASUREMENT SYSTEM FOR CRYOGENIC ROCKET ENGINES 

 

analysis was completed on the FEA model. These two model validation load cases were 

completed to ensure that the model was behaving correctly.  

 

After applying the loads. the Von Misses stress and displacement of the elements were 

examined to determine if the structure met the desired structural requirements. As explained 

earlier, a safety factor of 2.0 to yield was utilized in all the components that integrate the 

LCM. Figure 3.2 shows the final results obtained after the FEA was completed. As you can 

see all the elements in the model met the load requirements specified on Section 2. This was 

achieved by optimizing the web opening on the structural members, and calculating the 

eccentricity with respect to the center line of the beam. 

 

 
Fig.3.2 Finite Element Results of Load Cell Module Element Stresses 

 

4 Conclusion 

The trade study analysis completed determined the final design of the load cell module. The 

finite element analysis assessed the design concept based on the design requirements such as 

asset weigh, maximum allowable stress, and maximum frequency under firing operations. 

Upon completion of the study, the final design proved to meet all the requirements as it was a 

light design and met the loading requirements. Further actions are under progress to 

determine the manufacturability of the LCM, which will lead to testing of the engines at the 

tRIAC. The first stage of testing will take place within the upcoming months, and will allow 

to measure the thrust of the 500-lbf engine and 2000-lbf engine. The testing procedures for 

both engines is currently under development, and will be used to perform the tests under a 

safe environment. 
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ABSTRACT 

 

A design for a 500lbf liquid oxygen/liquid methane rocket engine has been finalized and 

manufactured. In preparation for engine testing, tank stand capable of withstanding 2000lbf was 

designed. Static finite element analysis was completed on the tank stand using Altair Hypermesh 

software to ensure that the tank stand design would not fail under the loads it will experience 

during testing. The final design of the tank stand has a safety factor of 2.5 to yield and was 

designed to withstand loads up to 2500lbf. The stand will at no point see any bending stresses 

higher than 3000 psi. The design has adequate spacing for plumbing lines for both upper and 

lower connections and can withstand any minimal vibrational forces transferred through the 

engine module and its connective plumbing. This paper will discuss process followed to 

completed the design of the tank stand. 

 

1. Introduction 

 

Liquid methane(LCH4) and liquid oxygen (LOX) have emerged as an alternative propellant 

combination for rocket propulsion systems due to the ability of producing methane and oxygen 

from Mar’s atmosphere and regolith respectively. To advance liquid methane/liquid oxygen 

propulsions systems, the Center for Space Exploration and Technology Research (cSTER) has 

focused in developing a 500 and 2000lbf rocket engine. The 500lbf rocket engine has been 

designed and manufactured. The ground propellant feed system is under development at the 

MIRO cSETR Technology Research and Innovation Acceleration Park (tRIAc) in Fabens, 

Texas. The ground system is composed of four major components: propellant tanks, tank stand, 

horizontal test stand, load cell module and engine module. Two 36” diameter cryogenic spherical 

tanks were special ordered to store the propellants during the hot fire tests. In preparation for the 

hot fire test of the 500lbf LOX/LCH4 rocket engine, the tank stand for the ground system was 

designed, analyzed and manufactured.  

 

2. Requirements 

Two tanks stands are required to hold the 36” diameter spherical propellant tanks during engine 

testing. The propellant tanks contain two handles in the top of the propellant tank that serve as 

hinge points that allow easy installation of tank. Two 6-inch flanges were added to the bottom 

and the top of the propellant tanks and will allow for manifolds to be added to each side to allow 

fill and drain of the tank as well as pressurized gas to enter the tank from the top. Figure 1 

depicts the tank design. 
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Figure 1.36” diameter propellant tank 

 

 

 

 

 

 

 

 

 The tank stand design was initiated by first determining the requirements the tank stand had to 

meet to consider the design reliable. When compiling the tank requirements, the interface 

between the tank and tank stand had to be taken into consideration. At the same time, space 

around the propellant tanks had to be allotted for feed lines, fittings, and hardware. The main 

requirements utilized to complete the tank stand are listed below: 

• Support the full tank weight (calculated to be approximately 2000+ pounds) 

• Approximately 2” of circumferential clearance  

• Minimum of 3’ clearance from the ground to the lower flange of the tank 

• Kevlar panels to prevent high velocity projectiles from puncturing tanks 

• Weight supported by the tank feet (No weight supported by flange) 

 

3. Theory and Equations 

 

The Kevlar panels contributed a weight of about 500 pounds, which could be supported 

relatively easily by being bolted to four 1.5” x 1.5” x 0.125” A36 steel tubes at both ends. An 

approximate combined weight of more than 2000lbs was estimated for the Kevlar panels and wet 

weight of the tank. A compressive stress calculation was completed and yielded a minimum area 

of 0.0275 in2. The calculation for the compressive stress was completed using a force of 2000 

lbs, a yield of stress of 36,300 psi and a minimum safety factor of 2. 

 

A basic bending stress formula was used to find the minimum dimensions for a tank stand leg 

that would produce a stress well within a safety factor of 2 to yield. A square tube with an 

outside side length [a] of 3 inches, inner square side length of [b] 2.25 inches and a wall 

thickness [t] was analyzed using equations (2) and (3) to determine the force required to cause 

buckling in the tube. By incorporating the known values, it was determined that a load of 4076lbf 

would be required for the part to fail under buckling. 

 

𝐼 =
𝑎4−𝑏4

12
                                                                      (2) 

 

𝐹 =
4𝜋2∗𝐸∗𝐼

𝐿2
                                                                    (3) 

 

Based on the bending stress calculations, square tubing was deemed unnecessarily precautious 

and were replaced with C-Channels with a width of 4 inches, an unchanged thickness of 0.375 

inches, and a flange length of 2.5 inches. The tank legs would be 35 inches in length to allow 

adequate space from the ground to the lower flange. The bending stress equation (4) was used to 

determine an ideal thickness for the plates the tank feet would connected to. The c-channels 
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Figure 2. Tank Stand Mesh 

would rest directly under each of the four feet so the tank itself would not contribute to any 

bending stress.  

 

𝜎 =
𝑀𝑐

𝐼
                                                                     (4) 

 

A 0.5-inch-thick plate with a length of 19.5 inches was selected. The dimension of the plate was 

decided by taking into consideration a combination of the following factors: size of the tank, the 

clearance distance between the plates and the size of the 1.5” x 1.5” x 0.125” beams that would 

secure the Kevlar panels. 1.5” x 1.5” x 0.125” square tubes were added beneath the Kevlar 

support tubes to further reduce any bending that would be seen in the connection plates. Thus, a 

finalized design as seen in Figure 2 was submitted for analysis. 

 

 
Figure 2: 6’ tall tank stand for 36” diameter LOX tank 

 

 

4. Finite Element Analysis Model Setup  

 

A finite element analysis (FEA) was conducted using the Altair Hypermesh software to ensure 

that the tank stand can withstand the loads it will be exposed to during testing. The FEA model 

of the tank stand was initiated by importing the 3D model of the tank stand into the Hypermesh 

software. Once the geometry was imported, the material properties for the A36 Steel structural 

members were specified utilizing a material (MAT1) card. To decrease computational time, it 

was determined that the FEA model would be completed utilizing 2D elements. In order to 

utilize 2D elements in the FEA model, a midsurface for each of the components had to be 

extracted. 2D triangular and square shell elements were utilized to mesh the structural 

components. The mesh of the model is depicted in Figure 2.  
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Figure 3. Tank Stand Mesh 

Figure 3. Von Misses Stresses Tank Stand 

 

After the mesh of was completed, the loads and constraints the tank stand would experience were 

added. The tank’s weight was modeled using a concentrated mass which was placed in the 

location were the center of gravity of the tank would be. Rigid body elements (RBE3) were 

utilized to connect the concentrated mass to the flat plates in which the tank stand legs would sit. 

The RBE3s allow the tank and propellant weight to be distributed evenly along the face of the 

flat plates. For simplification, both Kevlar panels’ weight were included in the same 

concentrated mass as the tank weight. Gravity acting on the tank stand was modeled utilizing a 

gravity (GRAV) load card. The four bolt holes at the bottom of the tank stand feet were 

restrained in all three directions using single point constraints (SPCs). The final FEA model is 

depicted below. 

 

 

  

 

 

 

 

 

 

 

 

 

5. Results 

 

Static analysis of the software was completed utilizing the solver Optistruct found inside the 

Hypermesh software. The stresses found throughout the structure were very minimal. The areas 

of high stress concentration are located in the plates which will connect the tank stand to ground. 

This is also the area where the constraints were added in the model which might have caused the 

stress to be the highest in the bolt holes in this region. The plates see a maximum Von Misses 

stress of 8.7 ksi with the stress decreasing to 968 psi in the top region of the tank stand legs. The 

plates holding the tank and propellant weight experience a maximum stress of 2.9 ksi. The 

results are demonstrated in Figure 4. 
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6. Conclusions 

 

The tanks stand met a safety factor of 2.5 to yield, well above the desired safety factor. The 

design was not optimized to further decrease the weight of the structure since this will serve as a 

ground system and overall structure weight was not a concern. The tank stand design has been 

finalized and is currently in the manufacturing phase. Blueprints for the stand have been 

completed and have been send out quotation and are awaiting selection to be manufactured. 
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ABSTRACT 

The Center for Space Exploration and Technology Research (cSETR) at UTEP is currently 

developing and testing the third generation of a NASA Johnson Space Center designed 5 lbf LOX/ 

LCH4 reaction control engine (RCE). This engine is to be used on future flight vehicles Janus, a 

sub-orbital vehicle, and Daedalus, a lander test bed, for in flight attitude control. This RCE is 

designed for the use with LOX and LCH4 as the oxidizer and fuel, respectively, to demonstrate 

the capabilities of the propellant mixture. After the RCE was manufactured, water flow testing was 

completed to experimentally determine the discharge coefficient for injection geometry. Once the 

injection discharge coefficient was determined, the flow for the propellant mixture was analyzed, 

and the test matrix was compiled for the hot fire testing. This document discusses the design of the 

RCE, the experimental setup for water, cold flow, and liquid testing, and the expected results. 

 

1    Introduction and Background 

The use of cryogenic oxygen (LOX) and methane (LCH4) in rocket engines is becoming appealing 

in industry as there are significant benefits when to compared to other cryogenics such as 

hydrogen. The benefits of using LOX/LCH4 as a propellant include in-situ resource utilization 

(ISRU) capabilities, a relatively high energy density, space storability in space due to cryogenic 

temperatures, and the byproducts produced from combustion are of low toxicity. The cSETR has 

been developing propulsion systems utilizing LOX/LCH4 to display the capability and feasibility 

of LOX/LCH4 as a propellant combination. 

The first generation of the LOX/LCH4 RCE was developed at the NASA Johnson Space Center 

for Project Morpheus which was is a vehicle test bed that demonstrated LOX/LCH4 propellant 

system capabilities. The purpose of the RCE was to adjust the attitude of the vehicle; roll, pitch, 

and yaw. The RCE was provided for redesign and integration into the Daedelus and Janus vehicle; 

test beds that are currently in development at the cSETR. The first generation of the RCE was 

tested and it was found that it operated significantly lower than what it was designed for. Thrust, 

which is the primary performance parameter, was lower than that of the analytical values by over 

a factor 10. This lack in performance warranted a design change that could improve thrust, specific 

impulse, and ignition capability [1]. 
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The design changes focused on the remanufacturing of the engine using higher temperature 

materials, the implementation of a film fuel cooling jacket (FFC), a separated FFC and fuel 

injection inlet valves, and adjusted injection orifice size to accommodate lower chamber pressures 

[2]. Fig 1 displays a cross-section of the second/third generation RCE. 

 
Fig 1.1 Cross-section of the current RCE design. 

 

Fig 1.2 Cross-section of injection orifices of the RCE 

From left to right in Fig. 1.1, the RCE is comprised of a LOX injection port with like impinging 

doublet orifices, the spark electrode that arcs along the wall of the inner combustion chamber, the 

LCH4 injection port with transverse-shear impinging elements, the FFC injection port with 

protective internal jacket, and a pressure transducer (PT) port to measure chamber pressure. An 

added feature to the RCE is the notches that can be seen in Fig.1 along the outside of the chamber 

body. These notches are in place so that the characteristic length (L*) of the engine can be changed 

which is shown in eq. 1 [3]: 

                                                                        𝐿∗ =
𝑉𝑐ℎ𝑎𝑚

𝐴𝑡
               (1) 

where Vcham is the volume of the chamber and At is the area of the throat. These values define L* 

which is an experimental parameter that determines the chamber length required for optimal 

combustion residence time. The notches allow for easy material removal and welding which allows 

for changes in L* without the manufacture of a new combustion chamber. 
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2    Water Flow Testing  

Before beginning hot fire testing with the RCE, water flow testing must be completed as the 

discharge coefficient (Cd) cannot simply be assumed to be that of a standard orifice as discussed 

in literature [4]. Coefficients were initially assumed during the design of the engine but small factors 

such as variations in the manufacturing process could change the Cd value. The purpose of the 

water flow tests were to provide a base line for the required flow rates to achieve the desired 

chamber pressure and thrust during hot fire.  

Eq. 2 was used to determine the experimental Cd value for the RCE injection orifices at varying 

inlet pressures [4]: 

                                                                 ∆𝑃 =  (
�̇�

𝐴𝐶𝐷
)

2 1

2𝜌
               (2) 

where ∆𝑃 is the pressure drop across the injector, �̇� is the mass flow rate which is measured by 

turbine flow meters, A is the injection area, and 𝜌 is the density of the fluid. In eq. 2, all parameters 

are known except for Cd therefore several flow rates and ∆𝑃 were measured and the Cd was 

determined experimentally. Fig 2.1-2.2 display the variation in Cd value for both the LCH4 and LOX 

inlet. 

 

 

Fig. 2.1 Second iteration RCE predicted and experimental Cd value for the LOX injector 

 

 

Fig. 2.2 Second iteration RCE predicted and experimental Cd value for the LCH4 injector 
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These water flow tests are set using data points from previous Cd water flow test results. For the 

second generation RCE, the Cd was found to be about 0.8 for both the LCH4 and LOX injection 

orifices meaning the flow was less restricted by the injector geometry than initially estimated. 

After determining the experimental Cd value, calculations for cryogenic propellant flows could be 

taken into consideration and a test matrix developed. 

 

3    Expected Results 

The design requirements for the RCE state that it must operate at an overall mixture ratio (MR) of 

2.7 therefore the preliminary tests are to be completed near an overall MR of 2.7. Using the 

Chemical Equilibrium with Applications (CEA) program, REFPROP, and MATLAB, a code was 

generated to determine the performance of the engine at varying propellant inlet conditions for an 

overall MR of 2.7 as shown in Table 1. 

TABLE 1: THEORETICAL RCE PERFORMANCE 

MR Thrust (lbf) Total Mass Flow (lbm/s) Chamber Pressure (psia) 

2.7 5.00 0.0226 100.00 

5.21 0.0236 104.21 

5.42 0.0245 108.42 

5.63 0.0255 112.63 

5.84 0.0264 116.84 

6.05 0.0274 121.05 

6.26 0.0283 125.26 

6.47 0.0293 129.47 

6.68 0.0302 133.68 

6.89 0.0312 137.89 

7.10 0.0321 142.11 

7.31 0.0331 146.32 

7.53 0.0340 150.53 

7.74 0.0350 154.74 

7.95 0.0359 158.95 

8.16 0.0369 163.16 

8.37 0.0378 167.37 

8.58 0.0388 171.58 

8.79 0.0397 175.79 

9.00 0.0407 180.00 

  

As mentioned above, these values were calculated for an overall MR of 2.7 which not only 

considers the combusting fluids but also the non-combusted fuel used in FFC. The Thrust varies 

from 5 lbf at 100 psia chamber pressure to 9 lbf at 180 psia chamber pressure. These values may 
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vary due to errors in flow and thrust measurements, incomplete combustion in the chamber, and 

excessive cooling from the FFC channel. 

 

4    Conclusion 

The RCE provided to the cSETR has experienced many design modifications and has been 

thoroughly tested in the past. The newest iteration of the RCE is being prepared for water flow 

testing so that Cd values can be determined based on the geometry of the injectors. After the water 

testing, the test matrix will be formulated, and the hot fire testing campaign will commence. The 

expected results for the RCE are 5 lbf at 100 psia chamber pressure and could go up to 9 lbf 

depending on the inlet conditions. Testing preparation is underway, and the hot fire testing 

campaign is to be completed by the end of Spring 2018.  
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1 Introduction 

Novel high-temperature structural materials are needed for increasing efficiency and 
life time of gas-turbine engines. Niobium silicide based composites are promising for high-
temperature structural applications because of their low density, high fracture toughness, and 
good fatigue behavior [1]. However, for using in gas turbines, their oxidation resistance and 
creep performance have to be improved. The best balance of mechanical properties and 
oxidation resistance for niobium silicide based materials could be achieved by a combination 
of various additives to niobium silicide phases. 

A major issue in the development of niobium silicide based composites is processing. 
To achieve the desired balance of properties, a certain microstructure needs to be created, and 
this microstructure should remain stable under extreme conditions of high temperature and 
stress. Conventional processing modifies the microstructure. The challenge is to develop 
processing methods that yield the desired final microstructure during initial alloy synthesis 
[2]. Innovative powder metallurgy processing may be an effective approach to achieve large-
scale synthesis of uniform multiphase microstructures.  

A promising method from this standpoint is combustion synthesis, which involves a 
self-sustained combustion of the initial mixture of reagents. However, according to the 
literature, it is difficult to ignite mixtures of niobium and silicon powders [3-5]. This problem 
can be overcome with mechanical activation, which is a short-duration, high-energy ball 
milling step before the combustion process. The entire procedure in this case is called 
mechanically activated self-propagating high-temperature synthesis (MASHS) [6].  

The objective of the present work was to confirm the feasibility of using MASHS for 
the fabrication of Nb5Si3 phase, which is the main component of niobium silicide based 
composites. The work included thermodynamic calculations and MASHS experiments.   

 

2 Thermodynamic Calculations 
Thermodynamic calculations of the adiabatic flame temperature and the product 

compositions were conducted using THERMO (version 4.3) software, which is based on the 
Gibbs free energy minimization and contains a database of approximately 3000 compounds 
[7]. The calculations at constant volume were conducted for the stoichiometric mixture of Nb 
and Si (5:3 mole ratio) to determine the maximum amount of the mixture that can be milled 
with no risk of generating unsafe pressure if the reaction takes place during milling.  

The calculations at constant pressure were conducted for ternary mixtures of Nb, Si, 
and one of 12 elements (B, Al, Ti, Cr, Fe, Co, Ni, Ge, Y, Mo, Sn, and Hf) that are considered 
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as promising additives to niobium silicides. These calculations have confirmed that the 
combustion temperature is sufficiently high with any additive. According to the obtained 
product compositions, B, Ti, and Mo react with Nb or Si, while the other additives do not.   

 

 3 Experimental Studies 
Niobium (−325 mesh, 99.8% pure, Alfa Aesar) and silicon (−325 mesh, 99.5% pure, 

Alfa Aesar) powders were mixed (5:3 mole ratio) in a three-dimensional inversion kinematics 
tumbler mixer (Bioengineering Inversina 2L) for 1 h and then milled in a planetary ball mill 
(Fritsch Pulverisette 7 Premium Line) using zirconia-coated bowls. The grinding media were 
5-mm zirconia balls and the mixture-balls mass ratio was 1:5. The milling was conducted in 
an argon environment and included from one to ten milling-cooling cycles (1 min milling at a 
rotation speed of 1000 rpm and 60 min cooling). The powders were cold-pressed into 
cylindrical pellets (diameter: 13 mm) using a uniaxial hydraulic press at a force of 19.6 kN. A 
booster pellet, consisted of a highly exothermic Ti/B mixture, was placed on the top.  

The sample was installed inside a windowed steel chamber, which was evacuated and 
filled with ultra-high purity argon at 1 atm. The pellet was ignited at the top by a tungsten 
wire heated with a DC power supply. Video recording was used for observations of the 
combustion front propagation. The product compositions were studied by X-ray diffraction 
analysis (Bruker D8 Discover XRD).  

The MASHS experiments were conducted with mixtures milled for 1, 2, 5, and 
10 min. Also, an unmilled mixture was tested, but in this case a self-sustained propagation of 
the combustion front stopped soon after the ignition. Mechanical activation has enabled the 
propagation until the bottom of the sample. Video recording has shown that the velocity of 
the combustion front gradually increases with increasing the milling time from 1 to 10 min.  

XRD analysis of the combustion products has revealed a significant effect of the 
milling time on the composition. The products of mixtures milled for 2 and 5 min are Nb5Si3, 
NbSi2, and Nb. At 2-min milling, the intensities of Nb5Si3 peaks are slightly higher than those 
of NbSi2, but at 5-min milling, Nb5Si3 is clearly the dominant phase. At 10-min milling, there 
are no peaks of NbSi2 though small peaks of Nb3Si appear as well as some unidentified peaks 
remain (Fig. 1). Summarizing, increasing the milling time from 1 to 10 min significantly 
improves the product composition toward the desired single Nb5Si3 phase.  

 

4 Conclusions  
Preliminary results have been obtained on the mechanically activated self-propagating 

high-temperature synthesis of niobium silicide composites. Thermodynamic calculations 
have determined maximum amounts of powders that can be safely milled in the available 
high-energy milling equipment and have shown that any of the twelve tested additives can be 
added to Nb/Si mixture with no significant effect on the combustion temperature. Some of 
the additives (B, Ti, and Mo) react with Nb or Si, while the others do not. 

MASHS experiments have revealed a significant effect of mechanical activation on 
the ignitability, combustion front velocity, and product composition of Nb/Si mixtures (5:3 
mole ratio). At a milling time of 10 min, the products do not contain NbSi2 and Nb phases, 
and the composition approaches the desired single Nb5Si3 phase. 
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Fig. 1. XRD pattern of combustion products of Nb/Si mixture milled for 10 min. The identified phases are 
Nb5Si3 (red) and Nb3Si (green).  
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ABSTRACT 

 
The Consortium for Integrating Energy System in Engineering and Science Education (CIESESE) 
was established with the goal to prepare future engineers and scientists pursuing a career in energy 
systems. CIESESE created a partnership with Sandia National Laboratories, National Energy 
Technology Laboratory (NETL), Puerto Rico Energy Center (PREC), The Recinto Universitario 
de Mayaguez, The Universidad del Turabo, Miami Dade College, the University of New Mexico 
(UNM), and the University of Texas at El Paso in order to accomplish this goal.  
 
One of the goals of the Consortium is to prepare the next generation of engineers and scientists, 
starting at grade levels as early as kindergarten. For this purpose, a team of students and faculty at 
UTEP have developed educational modules for grade levels K-12 in collaboration with the NASA 
MUREP Aerospace Academy (MAA), another outreach center on campus. These educational 
modules will cover concepts such as storing, generating, and distributing energy. The modules 
include PowerPoint presentations, in-class projects and activities, and worksheets for the different 
grade levels. Multiple summer and fall camps were held to educate both students and teachers. 
These modules have already been incorporated into various classrooms by participating teachers 
in the El Paso area and are publicly available on the UTEP CIESESE website 
http://engineering.utep.edu/ciesese. 
 
1 Introduction 
 
The Consortium for Integrating Energy System in Engineering and Science Education (CIESESE) 
was established with the goal to prepare future engineers and scientists pursuing a career in energy 
systems. CIESESE created a partnership with Sandia National Laboratories, National Energy 
Technology Laboratory (NETL), Puerto Rico Energy Center (PREC), The Recinto Universitario 
de Mayaguez, The Universidad del Turabo, Miami Dade College, the University of New Mexico 
(UNM), and the University of Texas at El Paso in order to accomplish this goal. One of the goals 
of the Consortium is to prepare the next generation of engineers and scientist, starting at grade 
levels as early as kindergarten. For this purpose, a team of students and faculty at UTEP have 
developed educational modules for grade levels K-12 in collaboration with the NASA MUREP 
Aerospace Academy (MAA), another outreach center on campus. These educational modules 
cover concepts such as storing, generating, and distributing energy using infinite resources such 
as wind, water and solar. Each module integrated project-based activities that are meant to excite, 
engage, educate the students. Several teacher workshops and student sessions were organized to 
introduce the modules and document feedback for future implementations.  
 
 
 
 



2 Recent Efforts Made Within the CIESESE 
The Consortium recognized the importance of renewable energy by training the workforce that 
will research and further developed these methods. This will be achieved by educating and 
preparing the future engineers and scientists starting at grade levels as early as kindergarten. A 
group of students and faculty at UTEP developed educational modules in energy systems for grade 
levels K-12 in collaboration with the NASA MUREP Aerospace Academy (MAA), another 
outreach center on campus. Through this collaboration it was possible to network with several 
teachers from different School Districts in El Paso that incorporated the modules in their 
classroom. The modules were designed to excite, engage, and educate the future generations about 
energy systems. The educational modules introduce different types of renewable energy such as 
wind energy, hydro power, solar power, and fuel cells using 
engineering concepts such as kinetic energy, potential energy, 
and conservation of energy. The modules include PowerPoint 
presentations, in-class projects and activities, and worksheets 
for the different grade levels.  
 
They modules were divided into three groups based on the 
level of understanding, current knowledge, and vocabulary of 
the students. The first module is designed kindergarten to third 
grade levels and it focuses in teaching students through visuals 
in a very simple and interactive way. It introduces the topics 
through videos and Allows students to experiment and record 
observations. The class activities are demonstrational and 
hand-on, in which their teacher has to guide the class step by 
step and do it with them.  One of the activities demonstrates 
how a wind turbine generates energy and lights up an LED 
followed by making a windmill out of paper and plastic cups, 
comparing both systems (Figure 1). During the activities 

worksheets will be provided 
to the students in which they 
will record their observations. 
 
 The second module is designed for fourth to sixth grade levels in 
which introduces the concepts through videos, formulas and hand-
on activities to the students. The activities are demonstrational and 
hands-on in which they are done is small groups. The activities 
integrate calculations that are based on the understanding of the 
formulas and units introduced during the presentation. During the 
activities worksheets will be provided to the students in which they 
will record their calclulations and answer a set of questions based 
on their understanding of the concepts. Every team will be working 

on a different activity at the same time with a given time limit, 
there will be a rotational system that is enforced by the teacher. 
During the activities instructions will be provided for the 
students to use, it is meant to guide them through every step. 
The teacher will be present to help the students if there is any 

Figure 1: Windmill built by 
K12 students 

Figure 2: Hydro Wheel used 
for project-based learning 

exercises 



confusion before, during, and after the presentation and activities. One of the activities 
demonstrates the use of hydropower to generate energy though the use of a hydro wheel that is 
connected to a water supply and produces a current and voltage in which they will have to calculate 
the power generated. After understanding and documenting their observations they are given 
Legos in which they have to build a hydro wheel using gears connected to a generator with an 
LED attached Observations will be documented and a comparison will be made between both 
hydro wheels (Figure 2).  
 
The third module is designed for seventh to twelfth grade levels in which introduces the concepts 
through videos, formulas and hand-on activities to the students. The modules cover the concepts 
in depth and with a high level of understanding needed. The activities are hands-on in which they 
are done is small groups and fully independent.  The activities integrate calculations that are based 
on the understanding of the formulas and units introduced during the presentation. Worksheets 
will be provided during the activities and they will be answered based on their knowledge and 
understanding of the systems using proper engineering vocabulary. Students will separate the work 
evenly and each member will be given a roll that during the activities will be change. This is meant 
to teach students to work in teams, to rely on each other, and understand the different components 
of a project. The teams will be randomized to expose them to work with people that they don’t 
know as they would when they work in the field. Students are expected to follow instructions and 
finish the projects utilizing the resources effectively. If there are any concerns during the activities, 
they are meant to rely on their knowledge and reach solution after discussing within the team. All 
the materials and worksheets will be provided and there will be no guidance given by the teachers. 
The activities are open to creativity allowing the students to design their own concept with a set 
goal. One of the activities will be designing a hydro wheel using wooden sticks, water bottles, 
spoons and a DC motor in which they will calculate the power generated with a voltmeter (Figure 
3). The team that design the hydro wheel that generates the most power will be given a prize.  

 
 
 
 
 

Figure 3: (Left) Water wheel constructed out of spoons, (Middle) DC motor connected to 
water wheel and (Right) Water wheel mounted on stand 



 
As part of outreaching to the community multiple summer and fall camps were held to educate 
both students and teachers. Through the collaboration with the NASA MUREP Aerospace 
Academy (MAA), it was possible to network with several teachers from different School Districts 
in El Paso that participated in the teacher trainings and incorporated the modules in their classroom. 
Teachers are allowed to participate in a paid teacher training once a year, in which they have 
different topics and they are allowed choose the one they are interested the most. Two teacher 
trainings were organized during the Summer 2017 and Fall 2018 including the using the 
educational modules developed with a total of twenty-two participants. Even though it was the 
second teacher training for more than half of the participating teachers, they volunteered their time 
to learn about the modules. During the Summer 2017 there was a NASA MAA Summer Camp in 
which several sessions were done presenting the modules and doing the activities with students of 
all grade levels, resulting in a total of 187 participants (Figure 4). As a result, there was excellent 
feedback documented, stating that the concepts were clear, the students were engaged, and it was 
environmental friendly for student interaction. Also, there was feedback for further 
implementations such as making more challenging modules for advanced students, developing 
activities with low cost for teachers that have a low budget, and developing activities for teachers 
that have 3D printers available to them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 Summary 
The Consortium for Integrating Energy System in Engineering and Science Education (CIESESE) 
was established with the goal to prepare future engineers and scientists pursuing a career in energy 
systems.  A group of students and faculty at UTEP developed educational modules in energy 
systems for grade levels K-12 in collaboration with the NASA MUREP Aerospace Academy 
(MAA). The project-based activities are meant to excite, engaged, and educate students in storing, 
generating and distributing energy. Multiple summer and fall camps were held to educate both 
students and teachers, in which feedback was documented for future implementations. Integrating 
the energy modules in the educational system shows the importance to the community to prepare 
the future engineers and scientists. These modules have already been incorporated into various 
classrooms by participating teachers in the El Paso area and are publicly available on the UTEP 
CIESESE website http://engineering.utep.edu/ciesese. 

Figure 4: Energy summer camp 
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ABSTRACT 

Efficiency maximization of high pressure oxy-coal combustion system is studied by varying 
the recirculation ratio in two cycle layouts. Oxy-fuel combustion enables carbon dioxide 
sequestration and thus is a source of clean energy. This paper focuses on two layouts, TIPS 
and ENEL. The analysis is performed using ASPEN Plus®.  the objective of the present 
study is to perform a parametric analysis on the efficiencies of the TIPS and ENEL cycles by 
at varying flue gas recirculation ratio of 20%, 35%, 50%, 65% and 75% at the constant 
pressure of 80 bar for TIPS and 10 bar for ENEL. The study reveals the ingrained effect of 
mass flow rate in the efficiency of both cycles. 
 

1 Introduction and Background 
Coal combustion is a major source (30% [1]) of electrical energy of the United States. Carbon 
dioxide produced from this, is contributing to  depletion of  ozone layer [2] as well as  global 
warming[3]. Research in combustion field has led to oxy combustion. Oxy- combustion uses 
oxygen to burn fuel producing water and carbon dioxide which can be easily sequestered[4]. 
The flue gas recirculated coupled with high pressure operation enhances the thermal 
performance of the system [5]. Among the various designs [6] proposed for high pressurized 
oxy-coal combustion, this paper focuses on TIPS and ENEL. ThermoEnergy Power System 
developed the ThermoEnergy Integrated Power System (TIPS) coal power cycle by designing 
a cycle that operates at a pressure of 8 MPa [7]. Further investigation done and Renz [10] led to 
recirculation at high pressure and thus  increase in efficiency. The ENEL cycle, on the other 
hand operates  near 1 MPa. The ENEL cycle is patented by ITEA[10-13] and investigated by 
MIT [7, 13]. In this study, similar layout of Hong et al. [7] is followed for ENEL and Renz[10] for 
TIPS. The significant difference between the two different cycles is the operating pressure 
and the temperature of the flue gas condenser.    
 

2 Methodology 
The layout of each power cycle can be divided into three parts, namely, the combustor 
section, the heat exchanger section, and the carbon capture unit, a represented in  Figs. 1 and 
2. A coal slurry (coal and water) is mixed with oxygen provided by the Air Separation Unit 
(ASU) in the combustor. The mass flow rate of slurry was 35.02kg/s and for oxygen was 50 
kg/sec. Bituminous coal of higher heating value of 29.1 MJ/kg. A part of the flue gas is 
recycled and fed into the combustion chamber to regulate the combustion temperature. The 
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remaining gas goes to the carbon capture unit for sequestration. Meanwhile, a series of water 
streams pass through the main heat exchanger and through the power island consisting of 
three staging turbines, in a closed loop. For this study, five recirculation ratios are 
investigated, of the total flue gas. In ENEL cycle, the recirculation gas stream bifurcates 
twice. The stream from heat exchanger section first divides into two parts with one stream  

 
Fig. 1. Schematic diagram of (a)ENEL (b)TIPS cycle 

directed to the carbon capture unit (CCU), and the other to the combustor. The latter stream 
splits once more, with a portion diverted to the combustion chamber and the other stream 
mixing with the combustion products Thus, the amount of flue gas entering the CCU varies 
for the five cases investigated. Recirculation Gas Ratio as calculated from figure 1 and figure 
2, 

 
Here m7 and m4 represent the mass of the gases flowing through streams 7 and 4, 
respectively. Efficiency of the pressurized oxy-coal power cycle was defined as, 

 

ASPEN PLUS® facilitates evaluation of the power produced and predicts the probable 
products. RGibbs, RYield and RStoic blocks are used to model coal combustor. Built in 
ASPEN blocks of heat exchangers, mixers, separators, turbines, compressors and pumps were 
used to design the functional cycles.  
 

3 Results and Discussions 
With the increase of recirculation gas (RG), combustion temperature decreases for both TIPS 
and ENEL. After the addition of recirculated flue gas the combustor temperature decreases 
significantly. Thus as the total volume of flue gas entering the combustor increases the 
combustor temperature decreases accordingly. 
Fig. 2(a). and 2(b). demonstrate the change of efficiencies with the change of recirculation 
ratio consecutiv1ly for ENEL and TIPS. From the figures, with the increase in recirculation 
ratio the efficiency of both cycles increase periodically. For ENEL the efficiency increases 
drastically at higher recirculation ratio whereas for TIPS the curve is rather steep. The high 

(a) (b) 
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recirculation ratio will increase the total mass of carbon dioxide and decrease the mass of 
oxygen in the product gas, which result in lower heat capacity. 
 

 
Fig. 2. Recirculation ratio vs. Efficiency for (a) ENEL at 10 bar and (b) TIPS at 80 bar 

Fig. 3(a). and Fig. 3(b) depicts the change of heat capacity of the stream 4 which is coming 
out of the combustor with the change of recirculation ratio.  
 

 
Fig.3. Recirculation Ratio vs. Heat Capacity for (a) ENEL at 10 bar and (b) TIPS at 80 bar 

Fig. 4. depicts the change of mass flow rate coming out of the combustor with the change of 
recirculation ratio.  

 
Fig. 4.Recirculation ratio vs. mass flow rate of the exhaust stream for ENEL and TIPS 
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3 Conclusion 
The primary objective of the study was to analyze ENEL and TIPS oxy-coal power cycle. 
ENEL was ran at 10 bar and TIPS was ran at 80 bar. Both ENEL and TIPS power cycles 
were run for 5 different recirculation ratios, ranging from 20% to 75% to evaluate best 
operating parameters for power generation. It is seen from the simulation results that for both 
the cycles with increase of recirculation ratio efficiency increases. Highest efficiency 
achieved for ENEL and TIPS are close however ENEL achieved that efficiency at a much 
lower pressure than TIPS. In the efficiency increase trend mass flow rate played a vital role 
and thus at higher mass flow rate the efficiency increased for both cycles. 
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ABSTRACT 
 

The power generation volatility of renewable energy sources (RES) will cause prosumers to 

sometimes have some leftover energy. This energy is usually sold to the power grid, however, 

during peak hours, the prosumer eventually has to buy it back due to its demand exceeding the 

supply. In order to avoid distribution power losses from going back and forth within the power 

grid, and keep the energy flow locally, the idea of an energy market within a local distribution 

network using multi–agent system (MAS) is proposed in this paper. Energy markets are not 

ideally optimal, however, it can be brought to a higher standard by allowing intelligent agents 

to manage these trading processes. 
 

1   Introduction 

Consumers who own RES, primarily solar photovoltaic (PV), also known as prosumers 

(entities that produce energy) as well as load consumers (entities that utilize energy), are 

contributing significantly to enhance the reliability of microgrid (MG) system. Reference [1] 

proposed an approach of designing an energy market specifically for a MG which can be an 

effective way to manage the energy within a MG. Similarly, the idea of implementing a MAS 

in a MG system for control and optimization is reported in [2]. By combining both of these 

ideas, we can efficiently manage energy within a MG with the energy market concept, yet, 

filter out any market power by building this energy market as a MAS. 

2   Microgrid Representation 

The studied design of a residential MG containing only PV panels and houses is shown in Fig. 

1 which comprises of three prosumers with solar PV power source, five consumers, a microgrid 

controller (MGC), and a distribution system operator (DSO). 

Fig.1. Layout representation of studied residential MG. 

3   Multi-Agent System 

MAS is an environment where intelligent agents (software applications) are capable of acting 

autonomously and able to communicate with others. They usually work together to achieve a 

mutual task that the programmer has assigned them to accomplish. 
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3.1 Agents as Microgrid Entities 

Each element shown in Fig. 1 is represented by an agent in the MAS, for a total of 10 agents, 

in order to achieve an efficient and self-driven MG energy market. 

 

• DSO agent: 

The DSO agent will be responsible for announcing the beginning of a trading period 

and limiting price range biddings. After an economic dispatch strategy has been 

established by the MGC, the MGC sends the DSO the stats on how much 

energy/payment it will be sending/receiving to/from each participant and distributes 

accordingly. 

 

• MGC agent: 

As the grid controller, this agent is the one with the most tasks and responsibilities. It 

is in charge of collecting all the bids from both prosumers and consumers and come up 

with a “fair” trading price (for every participant) for that specific period according to 

proposed prices as determined by Equation 1. It then attempts to allow the prosumers 

to sell an equal amount of energy if each can meet that amount, otherwise it takes a 

distinct approach to be as “fair” with each seller as possible, which will be discussed in 

a later section. 

 

• Prosumer agents: 

These agents have the sole responsibility of proposing a selling/buying price per kW 

and how much power they are willing to sell or buy. There is no limit to the amount of 

bidding power, but there is one to the amount offered which is set by the DSO once the 

trading period commences. 

 

• Consumer agents: 

Similar to the prosumers, the consumers don’t have to do much other than offer buying 

bids according to their needs. 

 

3.2 Approach to Determine Costs and Load Distribution 

 

Equation 1 shows how the MGC determines the trading price for a certain period 

 

𝑝𝑎 = actual trading price for certain period  𝑝𝑏𝑖
 = proposed trading price from buyer i 

𝑝𝑠𝑖
 = proposed trading price from seller I                        𝑁 = number of buyers/sellers 

 

Figure 2a. is a block diagram that illustrates the MGC’s procedure which determines how 

much energy is sold by each prosumer if the total surplus is greater than or equal to the total 

load demand. Figure 2b, on the other hand, shows the process when the demand exceeds the 

surplus produced by PVs. (Note that in the case of Figure 2a all consumers receive their 

desired surplus and in the case of Figure 2b all prosumers sell their maximum surplus.  
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3.3 Agents Interaction in MAS 

Figure 3 demonstrates the data flow among agents in the energy market MAS structure. This 

schematic illustration allows for a good understanding on what kind of information triggers an 

agent’s course of action. For example, when consumers and prosumers submit a bid offer, the 

MGC is triggered to perform price calculations.  

Fig. 3. Agents interaction in multi-agent systems for microgrid. 

 

Fig. 2a. Dispatch procedure when surplus 

energy is greater than or equal to demand. 

Fig. 2b. Dispatch procedure when surplus 

energy is smaller than demand. 

Table 1 : Nomenclature 



 

 

 

4   Results and Discussion 

During the trading period shown in Tables 2a and 2b, the DSO determined that the minimum 

allowed price per kW is 21 cents and the maximum 33. Five consumers and three prosumers 

then proposed their bid offers according to their needs and wants. After acquiring bids from 

prosumers and consumers, the MGC, from equation 1, determined that the trading price would 

be 28.5963 cents per kW. In this scenario, the total load demand is 305 kW and 

the available surplus is 277 kW, which means that the MGC will follow the dispatch procedure 

from Fig. 2b., meaning that the prosumers were able to sell all their surplus and the consumers 

purchased approximately 90% of their desired load demand. The MGC then sent these numbers 

to the DSO who finally distributed the appropriate transactions to their respective owners. 

Reference [3] shows how to develop a MAS using Jason, which is the programming tool that 

was used to simulate and obtain the results reported in this paper. 

 

 

 

 

5   Conclusion 

This paper presented a MAS approach to enhance MG energy management. We proposed 

several unique algorithms for determining “fair” trading prices for both prosumers and 

consumers by taking all selling and buying offers under consideration. The test results 

demonstrated that based on the load and surplus circumstances, either the prosumers or 

consumers will be 100% satisfied and the other will receive the maximum available amount of 

assets of interest. The implementation of MAS allows for satisfactory transactions among 

market participants by eliminating market power and enable the market to operate independent 

of human operation.  
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ABSTRACT 

The production of nitrides oxides from the power generation industry are one of the major 
contributors to the depletion of the ozone layer. Because of this, the energy industry has a great 
interest in methods that can combine both clean and high energy release, such as pressurized 
oxy-combustion. This study focuses on the recreation of high-pressure combustion at 20 bar 
for a methane-oxygen burner. The vessel is design for a 500-kW firing input. Several analytical 
calculations were realized to predict performance and ensure safety for the design. Such 
analyses include the methane-oxygen burner and combustor pressurization systems. For this 
study, the data presented is that of 232 kW and 16 bar of chamber pressure.  

1 Introduction 
Oxy-fuel combustion refers to burning a fuel with oxygen resulting in the products carbon 
dioxide and water vapor [1-3]. The benefits of this type of combustion are that higher 
temperatures theoretically allow for higher achievable efficiencies, and the exhaust products 
do not present NOx. Therefore, without the presence of nitride oxides allow for the capture of 
as high as 100 % carbon dioxide at the post-combustion stage [2- 6]. In addition, oxy-combustion 
provides similar or higher efficiencies of air fired systems despite additional parasitic loads of 
the air separation and carbon capture units [7]. Fueled by these advantages the purpose of this 
experimental study is to develop a high pressure (< 20 bar) oxy-methane combustor for steady 
state operation. In this paper the design approach is presented and experimental methodologies 
shown for the methane-oxygen burner delivery systems.  

2 Design Methodology 

2.1 Injector 
For this experimental study the shear co-axial injector is designed to operate at a firing input 
of up to 200 kW and 20 bar of pressure. Methane is used as the fuel along with pure oxygen 
acting as the oxidizer. The oxygen port is designed to allow carbon dioxide be added as a 
diluent if required. The mass flowrate for the methane and oxygen are calculated from the 
power input using Eqs (1) and (2) at stochiometric conditions. At stochiometric conditions the 
O
F#  ratio is 4.    

ṁmethane=
Firing	Input

LHV
                                                              (1) 

ṁoxygen =ṁmethane x (O F# )st.                                                  (2) 
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When designing the shear-coaxial injector, two non-dimensional parameters including velocity 
ratio (VR) and momentum flux ratio (J) are thoroughly observed. The formula for velocity ratio 
and momentum flux ratio is shown Eqs (3) and (4) [8].      

VR = vmethane
voxygen

                                                                   (3) 

J=(ρ.v2)methane
(ρ.v2)oxygen

                                                                   (4) 

 
For this particular case the burner and velocity ratios are varied between 4.85 to 7; momentum 
flux ratios are varied between 12 to 20. The image of the burner can be seen in Fig. 1. The 
maximum operating conditions for the burner can be found in Table 1. 

Table 1. Main burner maximum operation limits 
 
 
 
 
 

 

 

2.2 Combustor Body 

2.2.1 End Cap Design  
The existing combustor has an exit inner diameter of 280 mm. However, to pressurize the 
combustor up to 20 bar the exit area must be reduced. For this purpose, the exit of the combustor 
is restricted using a converging nozzle. At ideal condition, the critical pressure ratio for hot 
combustion gas products is 0.54[9]. The critical pressure ratio can be calculated from Eq. (9)16: 

Critical Pressure Ratio = ?
∗

?A
                                (9) 

 
Where, ‘P*’ is the exit pressure and ‘Po’ is the chamber pressure. During the test the 
combustion products are released to the atmosphere (1 bar). Therefore, if the chamber pressure 
raises above 1.85 bar the flow at the exhaust will be choked. For our case the maximum critical 
pressure ratio is 20. Thus, the exhaust is chocked at the exit. At choked condition the velocity 
of exhaust is Mach 1[9]. The throat area is calculated using Eq. (10)[9].  
 

ṁ = C∗?D
√FD

√(G
H
)(GIJ

K
)
LMNO
P(MLO)                                                  (10) 

The combustor end cap is designed such a way that the desired exit area can be achieved.  
  
 
 
 
 
 

Power Input (kW) 200 
Operating Pressure 
(bar) 20 

Operating Temperature 
(K) 1500 

Momentum flux ratio 12-20 
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3 Experimental Results 
During the experiment the main burner is ignited using the pilot flame. The igniter is used, 
which provides the pilot flame. The igniter is run for 4s. 
During the last 2s of the igniter operation the main burner 
fuel and oxidizer lines are opened and the main burner is 
ignited. The main burner is operated for 20s.  Figure 1 
demonstrates the ignition of the gases in the combustor. 
The volumetric flowrates for the main burner methane and 
main burner oxygen are shown in Fig. 3(a). The O/F ratio 
during the igniter operation is close to 2, which is rich fuel. From Fig. 1 it can be seen that the 
flame is yellow in color, characteristic of a fuel rich environment. The corresponding pressure 
curve for the experiment is seen in Fig. 3(b). Figure 3(b) shows that the chamber pressure 
initially rises up to 1 bar as the igniter is initiated. The flow through the main burner is then 
initiated after 2s of igniter operation. Thus, there are 2s of overlapping operation between the 
main burner and the igniter. The oxygen volumetric flowrate initially spikes up to 1100 
standard liters per minute (SLPM) and gradually decreases to 800 SLPM, Fig. 3(b). Figure 2 
shows the flame during the primary burner test. The O/F ratio during the main burner operation 
is 3.9.  During operation the flame is white and bright, signifying a high temperature flame of 
around 5,000 K. It can also be observed that the flame is highly turbulent. The chamber pressure 
during the operation raises up to 16 bar, observed in Fig. 3(b).    
 

  

Figure 2. 232 kW and 16 bar flame images during the test 

  
(a)                                                                                             (b) 

Figure 3. (a) Volumetric flowrate and (b) Pressure vs. time during an experiment 
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3 Future Work 
The corresponding study was developed as a main burner test for high pressure operations, 
intended to be used for a oxy-coal combustor that is subjected to a high pressure combustion. 
The test has yielded successful and therefore will be integrated into the design of the next 
milestone in oxy-combustion. Although the burner will be scale down as methane burner, its 
success during the presented testing shows that it can be modified for high pressure combustion 
in the scales used in industry. The combustor’s design has also proven effective under high 
pressure combustion without any plastic deformation. The design will be integrated 
accordingly into the next oxy-coal design. 
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ABSTRACT 
This paper describes the design of pintle injector that will be used for oxy-coal combustor. The 
injector is designed to operate at steady state condition for a single firing input. The total power 
input for the oxy-coal combustor is 1.05	𝑀𝑊 which is divided into 2 natural gas, and 3 coal slurry 
burners. Each slurry injector is 250	𝑘𝑊. Also, the operating pressure for the project is 10	𝑏𝑎𝑟. 
The coal particle has size of 200	𝜇𝑚 and mix with water for transporting. The pintle injector was 
design to be modular, where some of its components is interchangeable for flexibility of operation 
and tuning purposes. 

1. Introduction: 

A majority of the US electricity is generated from fossil fuel combustion due to low cost production 
and higher energy density[1]. Nevertheless, it has been a major threat to environment due to the 
emissions from fuel combustion. The quest for cleaner energy has pose the need for alternative 
sources to overcome these obstacles. Oxy-fuel combustion possesses a promising solution. Oxy-
fuel combustion uses pure oxygen instead of air to burn the fuel. Most of the fuel in power 
generation is hydrocarbon therefore the products are primarily carbon dioxide and water vapor. By 
condensing the water from the product stream, the carbon dioxide can subsequently be sequestered. 
The benefits of this system are that higher temperatures theoretically permit higher achievable efficiencies 
and offer opportunities to capture as much as 100% carbon dioxide.[2]–[4]  
 
According the US Environmental Protection Agency, in 2015, 33% of the electricity is produced 
by coal driven power generation sources [1]. The existing design of the coal burners must be 
modified to accommodate the oxy-combustion technology. The main component of the 
combustor design is the fuel injector. The injector design responsible of delivering the oxidizer 
and fuel to the system and insure the good mixing of them. In addition, it has a significant role in 
combustion stability.  There are many injector designs have been developed to accomplish these 
requirements and pintle injector is one of them. The pintle injector was developed in mid-1950s[5]. 
Over the next several decades pintle injector had been well-known for its effectiveness in 
atomization and mixing propellants in rocket engines, associated with high performance in range 
of 96 − 99%[6].  In this paper, the design of a pintle injector for oxy-coal combustor is discussed. 
The injector will be design for coal slurry as fuel and gaseous oxygen as oxidizer. The fuel will 
be delivered through the pintle post. On the other hand, the oxidizer will be injected around the 
pintle post. The component of this design will be modular and provider flexibility to tune the 
injector performance. The pintle injector will ignited using a methane-oxygen burner. 
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2. Methodology 
The basic configuration of a bipropellant pintle 
injector is shown in Fig 1[5]. One propellant is fed 
through outer injector flow passages into a 
circumferential annulus and exits the injector as 
an axially flowing annular sheet that arrives at the 
impingement point with uniform velocity profile. 
The other propellant enters the injector body via 
a separate centrally-located passage and flows 
axially through a central pintle sleeve toward the 
injector, where it is turned to uniform radial flow 
by the pintle tip's internal contoured surface.[5] 
On the manufacturing side, simplicity of pintle 
design makes it preferable when compared with 
injectors of other configurations. It can be 
designed to integrate the possibility for quickly 
changes on the critical injection elements, while keeping the main body unaffected. However, 
special efforts are still needed to guarantee the metering orifices dimensions accuracy or the correct 
size of the annular gap controlling the axial flow.[6] 
 
Due to the aforementioned advantages of the pintle injector, this approach was chosen to be used 
for oxy-coal project. The coal used in this project is in powder form and it require a carrier fluid 
for transportation purposes. The common carrier for coal is water, and the mixture called slurry. It 
is  recommend in the studies that the coal to water ratio is to be 75: 25% by mass respectively[6]-

[7] . The maximum powder size is 200	𝜇𝑚. Since the slurry consists of solid particles suspended 
in a liquid, the properties of a slurry mixture will depend upon those of the constituents. The 
density of slurry	𝜌67  can be calculated from Eqn (1): 

𝜌67 =
100

9C;𝜌<=
> + 91 − 𝐶A𝜌A

>
(1) 

Where the 𝑐Ais the percentage of solids concentration by weight, and 𝜌<=and 𝜌Aare the density of 
coal and water respectively. The oxygen properties were taken at 11 bar pressure and room 
temperature 25	𝐶E. 
 
The main challenge of using pintle design with oxy-slurry is the control the momentum ratio to 
achieve specific spray angle where the mixture or the jet does not hit the combustor wall. Based 
on the firing input and lower heating value of coal, the mass flowrate could be calculated from 
Eqn (2). The oxygen flowrate is calculated from the O/F ratio and methane flowrate as in Eqn (3). 
 

𝑚<=
. =

𝑓𝑖𝑟𝑖𝑛𝑔	𝑖𝑛𝑝𝑢𝑡
𝐿𝐻𝑉<=

	 (2) 

𝑚=
. = 𝑚<=

. 	 P
𝑂
𝐹S6T

(3) 

 

Figure 1 Sketch of bipropellant pintle 
injector 
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On the other hand, the coal will be mixed with water to form the slurry, and the slurry actually will 
flow in the device thus the mass flowrate needed is the slurry mass flowrate not only the coal 
flowrate. On the other hand, the oxygen flowrate will be calculated based on the coal flowrates 
only. Therefore, slurry mass flowrate is calculated by the Eqn (4). 
 

𝑚67
. =

100 ∗ 𝑚<=
.

𝐶A
(4)	 

 
After defining the properties and mass flowrates for the oxygen and slurry, the next step is to find 
the dimensions of the actual size of the pintle and the annuals. Starting from an orifice diameter 
and number of orifices, the total area of the slurry is calculated from Eqn (5) 

𝐴67 = 𝑁
𝜋
4 𝐷=

\	 (5) 
From the area and the mass flowrate, the velocity of the slurry is calculated, as shown in Eqn (6).  

𝑣67 =
𝑚67
.

𝐴67	𝜌67
	 (6) 

The total momentum ratio between the oxygen and the slurry estimated by Eqn (7).  
𝑇𝑀𝑅 = tan 𝛼	 (7) 

From the total momentum ratio, the mass flowrates of oxygen and slurry, and slurry velocity, the 
oxygen velocity can be calculated from Eqn (8) 

𝑣= =
𝑇𝑀𝑅	𝑚67

. 	𝑣67
𝑚=
. 	 (8) 

After the velocity is defined, area is calculated from the mass flowrate velocity and density of 
oxygen. 

𝐴= =
𝑚=
.

𝑣=𝜌=
(9) 

Then the outer diameter of the annuals calculated from the required area of oxygen, inner diameter 
and wall thickness of the pintle. The dimensions of the pintle are from slandered 1-inch Swagelok 
tube. 

𝐷e = f4𝐴g
𝜋 + h𝐷i + 2𝑡j

\ (10) 

Finally, by subtracting the outer diameter of the pintle from the outer diameter of the annuals we 
will get the gap where the oxygen will flow.  

𝐺𝑎𝑝 =
𝐷e − h𝐷i + 2𝑡j

2
(11) 

3. Results & Discussion 
The total power input for the oxy-coal combustor is 1.05	𝑀𝑊 which is divided into 2 natural gas, 
and 3 coal slurry burners. Each slurry injector is 250	𝑘𝑊. Also, the operating pressure for the 
project is 10	𝑏𝑎𝑟. The injector is designed to operate at steady state condition for a single firing 
input. Based on the input parameters the mass flow rate of the coal was calculated. 
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From Eqn (5-11) the variation of orifices diameter on the pintle post (𝐷i=) is resulting in change 
of the annuals space around it (𝐺𝑎𝑝). These two 
length scale dimensions have a direct effect on the 
velocity and therefore on the total momentum 
ratio, Resulting in variation of the spray angle. By 
normalizing the space for the slurry and oxygen, 
Fig 3-(a) shows that velocity is not linearly related 
to that space and increasing this ratio resulting in 
decreasing of the velocity for slurry and oxygen. 
Considering the manufacturability and velocity the 
(𝐺𝑎𝑝/𝐷i=) is chosen to be 15.9 resulting in slurry 
velocity to be 3.88	𝑚/𝑠 and oxygen velocity of  

1.17	𝑚/𝑠, the 𝐷i=was selected to be 0.75	𝑚𝑚.  

 

By fixing the 𝐷i= and varying the 𝐺𝑎𝑝	the spray 
angle can be manipulated to achieve the 
optimum value where is the spray is fully 
atomized and contained inside the burner. in Fig 
3-(b) the relation between the spray angle and 
𝐺𝑎𝑝 is presented. Larger angle resulting in smaller 𝐺𝑎𝑝. On the other hand, the large angle 
resulting in wilder spray which might interfere with the combustor wall thus, direct heating of the 
wall with very high temperature leading to failure. As a reason, an angle of 30Edegree was chosen. 
Based on this angle the 𝐺𝑎𝑝 will be calculated as 11.89	𝑚𝑚. 
The other aspect that this paper is development of modular design. As figure 4 shows, the pintle 
injector design contain 5 components. These components are: main body, pintle post, pintle tip, 
distribution plate, and closing plate. The main body get the pintle post welded on it, the distribution 
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plate will be supported by the closing plate and attached on the pintle post. The closing plate is 
threaded and mesh with main body. The pintle tip and closing plate are interchangeable and the 
rest of component are fixed. The advantages of having modular design is the flexibility during the 
operation of the device. For instance, if the orifices on the pintle post got obstructed due to 
unexpected large coal particles, the operation will be stopped, and replacement of the injector will 
be costly. Therefore, having interchangeable tip for the pintle post will have advantage from time 
and cost prospect. In addition to coast and time, other advantage of replaceable component is fine 
tuning the device to achieve the desired result for the spray characteristic. 

4. Conclusion: 
Simple geometry, easy manufacture, and inherent combustion stability, with the pintle 

injector make it an interesting option for academic studies. The dimensions for the design is 
presented based on the pervious discussion. Finally, the importance of the modularity is shown 
with interchangeable pintle tip and closing plate.  
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ABSTRACT 

This paper presents a transactive control (TC) for the management of battery energy storage 

systems (BESS) in microgrids (MGs) that contain loads, electric vehicles (EVs), and rooftop 

solar photovoltaics (PVs). The goals of the TC are to minimize the energy cost for consumers 

and maximize the savings of prosumers. This is accomplished by utilizing BESS from 

prosumer community groups (PCGs). The stored energy in the BESS is then scheduled to 

discharge and offset the increase of load due to EV charging at the neighboring buses. For the 

proposed TC, the PCGs are incentivized by the distribution system operator (DSO) through a 

dynamic price signal that is being updated hourly based on the MG local conditions. To 

evaluate the TC, case studies are conducted on different MGs. The test results indicate that 

the TC can improve the savings of prosumers/consumers and reduce peak demand caused by 

EV charging in the distribution networks.  

 

1. Introduction 

The growing attention for distributed energy resources (DER), such as, renewable energy 

sources, energy storage systems (ESS), and electric vehicles (EVs) coupled with a transactive 

grid reflects the increase in awareness that the conventional operation and control of the 

electric power system has become outdated and is no longer suitable for the modern, digitized 

information driven economy [1]. Several assumptions that have been the drivers for operation 

and regulation of the electric industry are now outdated, e.g., consumer demand is largely 

inelastic, centralized power generation and control are the best; and reliance on DER will 

result in higher electricity costs. Another important issue is the gap in price signals between 

customer-side resources with system costs and benefits. Also, in part due to the centralized 

approach, customer-side generation adds more complexity to the operation and control of the 

conventional system [1]. In the centralized planning of distribution systems, local decisions 

are usually made centrally [2], whereas in the decentralized planning, all market participants 

including the distribution system operator (DSO) and end-user consumers are considered as 

the decision makers. There is a considerable amount of research being conducted on planning 

of the distribution systems in centralized energy market. However, literature regarding 

distribution systems planning under a decentralized scheme, is not properly addressed in 

literature. There is a great need to bring more flexibility into the distribution systems where 

prosumers and consumers can have active participation with maximum deployment of DER 

in order to enhance reliability of the distribution system and reduce losses. Hence, the 

development of microgrid energy management systems (MGEMS) constituted by DER, ESS, 
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and EVs are needed to manage and meet load in an efficient and reliable manner. As a 

dynamic demand-side can improve reliability, balancing, and load-shaping support for the 

grid, this will also have a significant impact on the reduction of greenhouse gas (GHG) 

emissions.  

In this paper, a transactive control (TC) is proposed to study the behavior and impact of 

ESS in MGs, where consumer groups (CGs) and prosumer community groups (PCGs) are 

incentivized to participate through a dynamic price signal. An analysis is presented 

comparing costs and savings for the consumers/prosumers when they are equipped with solar 

PV-EV and hybrid solar PV-EV-BESS systems. 

2. Proposed Control Mechanism for Battery Energy Storage System 

In a TC mechanism, a transactive incentive signal (TIS) is required for its operation. In this 

paper, the TIS is calculated by adding the distribution locational marginal price (DLMP), cost 

of distribution losses, total owning costs of a transformer, and a penalty cost that represents 

the loss of life of the transformer. Furthermore, it is assumed that the DSO determines a 

DLMP day-ahead and then updates in an hourly manner. Once the TIS is calculated, it is 

communicated to the MG Controller (MGC) that transmits the information to each PCG. The 

PCGs are considered to have PV, BESS, EVs, and load. The overall operation for the TC 

mechanism is described below. 

1) Initial generation and load conditions are read; 

2) TIS is calculated for each MG and the information is sent to each MGC. From the 

MGC, the TIS is then sent to each household; 

3) CGs/PCGs receive the TIS and based on their needs, they will determine their current 

load conditions including the hours their EVs will be charged; 

4) CGs/PCGs load consumption information is sent back to the MGC as a transactive 

feedback signal (TFS). In the case where the PCGs have BESS, the MGC determines 

the hours during which the BESS will be charged and discharged; 

5) The amount of energy that can be stored/sold depends on the local energy balance at 

each PCG, i.e., at any time period, the PCG first executes an energy balance within it 

and then determines the available energy; and  

6) Once the energy balance is done, the MGC sends the information back to the utility as 

a TFS. This information allows the DSO to update the TIS for each MG and adjust 

accordingly to the grid conditions as well as to dispatch the local generation sources 

provided by the PCGs. 

3. Numerical Results  

In this section, two case studies are discussed based on two MGs located in a distribution 

system as shown in Fig. 1. The proposed TC is applied to a set of CGs and PCGs located in 

two MGs. Each bus within the MG represents a 50-kVA distribution transformer. Connected 

to the transformer are sets of residential customers that are aggregated as CGs or PCGs 

depending on their classification, i.e., consumer or prosumer. For EV modeling, a Tesla 

Model S is considered [3]. The BESS considered for the simulations is a Tesla Powerwall [4].  

The operation of the TC was analysed considering two case studies. The first case study 

assumes that the PCGs only have solar PV without storage and the second case considers that 

all PCGs have a hybrid PV-BESS system. For each case study a winter day is considered. In 
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each of the cases, the consumers want to 

charge their EVs and the PCGs want to 

maximize their savings.  

To run the simulations, actual hourly load, 

PV power output, and electricity price data are 

required. The load data was obtained from the 

U.S. Department of Energy Open Data 

Catalog, residential load at TMY3 locations 

for the surrounding region of Ashland, Oregon 
[5]. The specific locations are Klamath Falls, 

Medford-Rogue Valley, and Eugene-Mahlon. 

The PV power output was obtained from a PV 

installation located in Ashland, Oregon. The 

load data was selected for these locations to 

make the simulation more realistic as the PV 

power output is for the same region. The price 

data was obtained from PJM market [6].  

3.1 Case 1: PV and EV Charging Operations Without BESS 

In this case, it is assumed that prosumers only have solar PV and the EVs are charged upon 

arrival. Under this case, the local load demand of the PCG is met as the PV system is 

generating energy and any excess power is injected into the grid. The PCG is then paid based 

on the net energy that was injected into the grid. Table 1 shows a comparison between the 

total costs and savings of the CGs/PCGs in their respective MGs. 

 
Table 1. Total costs and savings (Case 1). 

   

3.2 Case 2: PV and EV Charging Operations Utilizing BESS 

In this case, it is assumed that prosumers have a BESS interconnected with solar PV system. 

The BESS will charge when surplus PV power is available after the energy balance at the 

PCG. The information is updated hourly and sent to the DSO. The DSO acknowledges the 

available energy that can be dispatched and coordinated to match the EVs charging schedule. 

Table 2 shows a comparison between the total costs and savings of the CGs/PCGs in their 

respective MGs. Comparing the results of the two cases (Table 1 and Table 2), it can be seen 

that by having the BESS, PCGs, and CGs can reduce their total costs and improve their total 

   Savings ($) Total Savings 

($) 

Net Costs ($) 

  Costs ($) Using PV Selling 

MG1 

PCG1 100.98 11.32 5.41 16.73 84.25 

PCG2 65.08 13.72 6.36 20.08 45 

CG3 119.13 0.00 0.00 0.00 119.13 

MG2 

PCG3 43.09 9.37 6.57 15.95 27.14 

CG4 55.90 0.00 0.00 0.00 55.9 

PCG4 44.08 11.14 8.01 19.14 24.94 

PCG5 64.99 11.02 8.13 19.15 45.84 
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Fig. 1.  Networked microgrids considering IEEE 
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savings. The reasoning behind these case studies is to be able to compare the differences 

between not having BESS and having BESS. It is clear that without BESS the excess energy 

produced by the PCGs has to be directly injected into the grid, i.e., it cannot be scheduled for 

other time periods. Thus, the time period during which the energy can be utilized without 

BESS is limited to time periods where high PV power output is available. In most cases, 

these time periods do not match the time at which consumers would be home to charge their 

EVs. 
Table 2. Total costs and savings (Case 2). 

 
  

Costs ($) 
Savings ($) Total Savings 

($) 

Net Costs ($) 

  Using PV Selling 

MG1 

PCG1 101.14 15.40 2.34 17.74 83.4 

PCG2 57.79 21.13 0.10 21.23 36.56 

CG3 119.27 0.00 0.00 0.00 119.27 

MG2 

PCG3 36.12 16.28 0.57 16.85 19.27 

CG4 55.79 0.00 0.00 0.00 55.79 

PCG4 37.93 17.23 3.05 20.28 17.65 

PCG5 50.04 20.20 0.07 20.26 29.78 

 

4. Conclusion 

In this paper, a TC was developed for BESS dispatch in MGs constituted by CGs and PCGs. 

The proposed TC was applied to two MGs located in a 33-bus distribution test system to 

validate the effectiveness of the economic and control signals. Test results demonstrated that 

the proposed TC was able to significantly reduce the energy costs for CGs and PCGs. 

Moreover, PCGs were able to maximize their profits. Other advantages of the proposed 

approach from the DSO perspective is that it can (i) delay the need for expensive demand 

growth related equipment upgrades by incentivizing CGs and PCGs to reduce load demand 

on existing equipment (e.g., transformer) such that the equipment’s life is extended, and (ii) 

maximize the local asset utilization for loss reduction.  
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ABSTRACT 

Energy harvesting has drawn increasing attention due to the fast development of wireless 

sensors and devices.  Most research has been focused on mechanical energy harvesting using 

piezoelectric ceramics; however, little is known on their experimental capabilities to harvest 

thermal energy at different temperature ranges and the impact that the temperature range has 

on the energy conversion efficiency.   Majority of piezoelectric ceramics are pyroelectric in 

nature thus enabling them to couple energy between thermal and electrical domains.  This 

paper demonstrates the use of Lithium Niobate (LNB) as a thermal energy harvesting device 

for high temperature applications.  A custom testing setup was developed to test the LNB 

sample temperatures up to 225 °C.  Pyroelectric coefficient of the material was characterized 

at different temperature ranges.  Pyroelectric coefficient was found to increase with 

temperature, with a maximum value of -196 μC·m-2°C-1.  Power output of the sample was 

also characterized in different temperature ranges.  A maximum value of over 20.5 μW was 

found when cycling the sample between 75 °C and 100°C.  Meanwhile, a maximum value of 

14.8 μW was found in the 125 °C to 150 °C range.  Finally, a peak value of 255 nW was 

found when cycling the sample in the 200 °C to 225 °C range. 

1   Introduction  

In recent years, there has been an increasing interest in developing functional materials and 

devices that can be used as sensors or energy harvesters in power plants (Kim, et. al. 2017; 

Cook-Chennault, et. al. 2008).  Research in energy harvesting has been mainly focused on 

harvesting mechanical or thermal energy out of said systems (Cook-Chennault, et. al. 2008; 

Kim, et. al. 2017; Karim, et. al. 2016; Koumoto, et. al. 2013).  Most of these efforts have 

been made at temperatures below 100 °C (Karim, et. al. 2016; Cuadras, et. al. 2010; Xie, et. 

al. 2010).  However, most energy conversion environments operate at much higher 

temperatures (Rattner and Garimella 2011).  Therefore, it is crucial to develop methods to 

harvest energy at higher temperatures that are closer to realistic systems.  One of the 

limitations of energy harvesting at high temperatures is that almost all pyroelectric materials 

have Curie temperatures below 500 °C (Bowen, et. al. 2014).  Furthermore, even fewer 

materials can retain pyroelectric properties when subject to temperatures over 650 °C, typical 

working temperatures of energy conversion systems such as exhaust from gas turbines 

(Rattner and Garimella 2011). Therefore, based on our previous success in demonstrating 

Lithium Niobate for high temperature sensors above 600 °C (Sarker, et. al. 2017), this 

manuscript presents the use of Lithium Niobate (LNB, Curie temperature 1100 °C) to harvest 

thermal energy at high temperatures using the pyroelectric effect.  In this paper, we report the 
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use of LNB as a lead-free alternative for high temperature pyroelectric energy harvesting.  A 

custom heating and cooling testing setup was utilized to characterize the power output of the 

material at different temperature ranges.  The harvesting capability of the sample is 

demonstrated by measuring the power output utilizing different electrical resistive loads.       

2    Methods  

2.1 Sample 

The sample used was a Z-cut LNB wafer from Precision Micro-Optics LLC.  Top and bottom 

surfaces of the wafer were coated with silver paint (SPI Supplies, 05002-AB), which was 

then cured in an oven at 200 °C for 10 minutes on each side. 

2.2 Testing Setup 

In order to create a controlled temperature environment on the sample, a custom testing setup 

was created.  This testing setup consisted of an axial fan attached to a metal duct, a 6x6 in. 

heating plate, and heat sink.  An Arduino UNO R3 microcontroller was used to control the 

fan and heating elements to create a heating and cooling environment.   

2.3 Current and Power Measurements  

The sample was connected to different resistors to characterize the power output.  A Keithley 

6485 picoammeter was connected in series to the resistors and sample, and used to measure 

and record the current flowing through the circuit.  Power was calculated using equation 2 

(Shu and Lien 2006), 

                                             (1) 

where P is power, I is the current flowing through the circuit, and R is the applied resistance.  

This method to measure power output has been described in literature and commonly used to 

characterize power output in other energy harvesting research efforts (Sodano, et. al. 2005; 

Granstrom, et. al. 2007; Leadenham and Erturk 2014).  

3    Results and Discussion 

First, the pyroelectric current output from the sample at different temperature ranges was 

measured.  The sample was cycled in 25 °C intervals, with temperatures ranging from 75 °C 

to 225 °C. Figure 2 shows the current output as heating and cooling cycles are introduced in 

the temperature range of 75 °C to 100 °C.  The same process was performed at the other 

temperature ranges and a similar trend was followed. The response was normalized by 

calculating the pyroelectric coefficient of the sample at different temperature ranges, and 

using this parameter as a comparison for different ranges. Pyroelectric coefficient is known to 

change as a function of temperature range and has been characterized for other materials in 

the past as well as for LNB in this temperature rage (Sarker, et. al. 2017; Newsome and 

Andrei 1997).  Pyroelectric coefficient as a function of temperature range is shown in Figure 

3.  It can be seen that the pyroelectric coefficient of the sample increases as temperature 

increases, which is in agreement to what is reported in literature (Whatmore 1986).  The 

maximum value for the pyroelectric coefficient of -196 μC·m-2·°C-1 was found at the 200 °C 

to 225 °C range, which represents a 96% increase of the pyroelectric coefficient compared 

with the room temperature value.   
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Figure 2.  Current and dT/dt plotted against time for a temperature range of 75 to 100ºC. 

Once the response of the sample under no electrical load was characterized, the power 

generated under different electrical loads was measured.  Three temperature ranges were 

selected for the characterization.  The ranges selected were the lower and higher ranges, 75 

°C to 100 °C and 200 °C to 225 °C, as well as an intermediate temperature range of 125 °C to 

150 °C.  The load was increased gradually using commercially available 10 MΩ resistors to 

characterize the power output of the sample.  Figure 4 shows the power output of the sample 

for the different temperature ranges, as well as the experimental error found during these 

tests. Bias error was determined using manufacturer specified uncertainties and a Student’s t-

distribution assuming a 95% confidence interval was used to estimate random error. Figure 5 

presents the trend for the 200-225ºC temperature range since it is not clearly visible from the 

previous figure.  The power generated in Fig. 5 demonstrates an initial increase in power 

followed by a decreasing trend when tested under the high loads used for the other 

temperature ranges. The peak value is clearly seen and is below 100MΩ. The peak values 

were not visible for the other temperature ranges; however, it is expected to have a similar 

trend at higher resistive loads, above 1GΩ.  

 

Figure 3.  Pyroelectric coefficient as a function of temperature. 



 

Figure 4.  Power output at different temperature ranges. 

 

Figure 5.  Average power output at 200 to 225 °C range. 

 

4    Conclusion 

The feasibility of energy harvesting capabilities of a pyroelectric material capable of 

withstanding elevated temperatures was demonstrated.  Pyroelectric coefficient 

characterization of the material in temperatures ranging from 75 °C to 225 °C was performed.  

The pyroelectric coefficient was found to increase as temperature rises with a maximum 

value of -196 μC·m-2·°C-1 was found at the 200 °C to 225 °C range.  Power outputs at low 

and high temperature ranges were obtained.  A maximum value of over 20.5 μW was found 

when cycling the sample between 75 °C and 100 °C.  Meanwhile, a maximum value of 14.8 

μW was found in the 125 °C to 150 °C range.  Finally, a peak value of 255 nW was found 

when cycling the sample in the 200 °C to 225 °C range.  A decreasing power output at 

temperatures up to 225ºC was found due to a change in the impedance of the sample, as well 

as a lower pyroelectric power conversion efficiency at high temperatures due to an increase in 

the specific heat of the material.  Despite a decrease in the pyroelectric power conversion 

efficiency was observed, the testing results demonstrated the feasibility of harvesting a still 

considerable amount of energy at different temperatures using LiNbO3 piezoelectric 

ceramics. 
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ABSTRACT 

CubeSat’s have been successful for space research in educational institutions. With strict size 
dimensions and requirements, a CubeSat (Cube Satellite) is design specifically for orbital 
research. Due to the success and cost-friendly of such satellites, landing missions have 
considered CubeSats. In this article, the design of a carbon fiber composite leg with a single 
acting, spring loaded cylinder is analyzed and optimized to provide a soft landing to the 
surface of the Apophis Asteroid located near Earth. The CubeSat’s mission conveys a 
variation of challenges and restrictions to the design process; therefore, the optimization of 
the struts of the landing system are based upon the anchoring system using a harpoon. The 
anchoring method for this mission influences the design and performance of the landing legs 
of the CubeSat. To efficiently design and analyze the CubeSat’s legs suitable for the mission, 
Apophis Asteroid is researched to understand its composition, its extreme conditions, and 
parameters. Possible materials resistant to Apophis’ conditions are researched, as well as 
spring and damping mechanisms, to implement the Hertz Theory and derive calculations 
justifying the carbon fiber composite leg. 
 

1 Mission Requirements and Specifications 

1.1 Landing System Overview  
The landing system for a mission to land on the Apophis Asteroid consists if three main 
components: anchoring mechanisms, stability and support. To provide these, the landing 
system is separated into two designs: one in which a harpoon system would be used as the 
anchoring system, and the second would be the design of the landing struts (legs) to provide 
stability and support. Thrusters would be the main influencers in the direction, trajectory, and 
deceleration of the CubeSat. The harpoon system would then launch, anchor, and latch at a 
certain distance above the surface and recoil the rope to allow the CubeSat to approach the 
asteroid’s surface in a vertical direction. When the CubeSat reached the origin, the first 
impact will be received by the landing legs; therefore, for support and stability of the system, 
an analysis and separate design is done to the landing legs.  
 
1.2 Design Requirements 
The system must be autonomous and sustain a minimum mass of 12 kg, should at least have 3 
landing legs for minimum support, and each leg must be able to rotate along its horizontal 
axis with only one degree of freedom to be able to enter and exit the CubeSat. The landing 

KINEMATIC ANALYSIS OF THE LANDING OF A CARBON 
FIBER COMPOSITE STRUT USED FOR A CUBESAT LANDING 

SYSTEM 
 

M. Lara1, O. Ruiz2, A. Flores3, A. Choudhuri4* 
1 Mechanical Engineering Department, UTEP, El Paso, TX 79968, USA;  

* Maria Lara (mflara@miners.utep.edu) 
 

Keywords: soft-landing stability, inelastic collision, Hertzian Theory, Nonlinear Flores et al. 
Contact Model, Hook’s Law 



 

2  

KINEMATIC ANALYSIS AND OPTIMIZATION OF A CARBON FIBER 
COMPOSITE LEG USED FOR A CUBE SATELLITE LANDING SYSTEM 

 

system must be designed under 6U dimension requirements and save as much space as 
possible for other mission components. System must provide a soft-landing and optimize to 
account for less energy absorption. 
 
1.3 Apophis’ Conditions and Composition 
The Apophis Asteroid orbiting closely between Earth and Venus is predicted to closely 
approach the Earth in 2029 and an impact probability in 2036. This makes Apophis, an 
important case that requires study to determine Earth’s impact hazard. The impact done to the 
landing system has a relationship with the asteroid’s mechanical properties. Based on the 
asteroid’s composition, it can be concluded that the surface is rocky and harsh; therefore, the 
leg’s material must have a high Young’s Modulus to reduce deformation and fracture while 
sustaining a minimum load of approximately 4 kg.  
 
Asteroid Olivine (%) Orthopyroxene (%) Clinopyroxene (%) Mg-Number 
Apophis 65-75 17-27 3-13 65-75 

Table 1. Spectral properties and composition of potentially hazardous Asteroid (99942) 
Apophis[2]. 

 
The asteroid’s average diameter consists of 270 meters, and an average mass of 2.4 x 1010 
kilograms. Apophis also orbits at a speed of 12.5 km per second and a sideral rotation of 30.4 
hours. It’s crucial to associate the asteroid’s rotational and orbit speed about its axis to 
include a proper de-orbiting design, and an anchoring system that will not be affected by its 
speed causing a rocking motion; decreasing its stability and safe landing. 
2 Hertz Contact Stress Theory  

Although the system won’t act as an elastic collision, it’s important to create a model in 
which it will behave under theoretical and perfect conditions to understand the basics and 
improve the calculations. The Hertz Contact Stress Theory is introduced to understand the 
impact during and after collision to design the appropriate components that will effectively 
land the CubeSat. This theory is based on the Hooke’s law in which the stiffness, geometry 
parameters, and displacement is a function of the force of impact. Due to the design of the 
leg, the stress analysis is performed assuming the mass to be a sphere; therefore, the Hertz 
Contact Stress Theory is used for a simple dynamic analysis using equation 1. 
                                                                                                     𝐹! = 𝐾𝛿!  (1) 
2 Nonlinear Hunt and Crossley Contact Model 

Knowing that the landing struts will absorb energy, it’s necessary to add a component in 
which the energy will dissipate as heat. A single acting, spring loaded cylinder would 
effectively apply the force in one direction and when in need, compress to return to its 
original state. Since the system is now considering a damping mechanism, the Nonlinear 
Hunt and Crossley Contact Model is represented in equation 2 to perform an analysis of the 
impact force with its mechanical properties and damping coefficient. 
                                                                                            𝐹! = 𝐾𝛿! + 𝐷𝛿                                                          (2) 
3 Nonlinear Flores et al. Contact Model 
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To introduce a more certain analysis, the Nonlinear Flores et al. Contact Model derives 
applications for hard and soft materials under the foundation of the Hertz law including 
damping parameter that accounts for the energy dissipation during the contact process [1]. 
This contact model allows a relationship between the impact force, the mass’ initial and final 
conditions, stiffness parameters, and its coefficient of restitution, as shown in equation 3. 

                                                                                  F! = Kδ![1+ ! !-!!
!!!! -

!

! - ]
 (3) 

4 Landing Strut Simulation 
To simulate the possible landing, a single strut is simulated individually to make the 
appropriate design requirements to later simulate the entire system. MATLB Simulink is 
introduced to provide the properties and position of the Apophis Asteroid and the landing 
strut. Simulink allows the programmer to simulate the masses in the extreme, vacuum 
conditions that the struts will encounter. MATLAB is used to run the necessary calculations 
based on the lander’s collision with the asteroid by using matrices to apply a relationship 
between position and time. By specifying the positions, the displacement and final velocity 
are found with respect to time to encounter the force of impact as the lander is approaching 
the origin (Apophis Asteroid surface). 

 
Figure 1. MATLAB Simulink Model of Contact Dissipative Bodies 
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Figure 2. MATLAB Simulink Force of Impact (N) Plot with respect to time 

 
References 
[1] P. Flores, H. Lankarani “Contact Force Models for Multibody Dynamics”. Volume 226, Springer 

International Publishing Switzerland, 2016.  
[2] R. Binzel, A. Rivkin, C. Thomas, P. Vernazza, T Burbine, F. DeMeo, S. Bus, A. Tokunaga, M. Birlan 

“Spectral properties and composition of potentially hazardous Asteroid (99942) Apophis”. Icarus 200, pp 
387-398, 2002.   

 



The Southwest Emerging Technology Symposium 2018 

 

ABSTRACT 

Paso Del Norte region comprises of El Paso, Juarez and Some of the neighboring cities of El 

Paso and New Mexico borders. Developing a regional weather model for this region was 

always challenging and troublesome because of its complex terrain. In this paper, we 

approached two different ways to set up a domain for this region. After setting up the model, 

validation of the weather model has been done using Radiosonde data which we obtain from 

a radiosonde launching campaign conducted summer of 2017 and Meteorological Satellite 

data. We inter compare different meteorological parameters like temperature, pressure, 

relative humidity and wind speed for this region in different locations. For ground data 

validation, TCEQ (Texas Commission of Environment Quality) data for different CAM 

station has been used. METOPs satellite data has been retrieved using our own satellite 

receiver which is on the top of our lab. Finally, we inter compare our WRF data with 

Radiosonde and METOPs data for the validation of the regional weather model for Paso Del 

Norte Region. 

1 Introduction 

Paso del Norte region is a binational metropolitan area on the border of Mexico and United 

States. This region is centered on two big cities: El Paso from United States and Juarez city 

from Mexico. This region is the 2nd largest metropolitan area in USA and largest bilingual 

and binational work force in western hemisphere.[1] 

The geography of this region is always fascinating and complex to all the climatologist and 

meteorologist. It has the Rio Grande River which divides the USA from Mexico and On the 

Southern Side it has Franklin Mountains. This area lies in the Chihuahuan Desert which also 

plays a vital role to its climate. 
 

 

 

 

 

 

 

 

 

 

 

                                                                  Fig.1. Terrain Map for PdN Region 
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2 Methodology 

2.1 WRF Simulation 

Building a regional weather model for Paso Del Norte region was always challenging and 

complex because of its complex terrain model. Thus we used two different method to setting 

up the domain for the weather model. First approach was using the default name list option 

which gives you the default domain, and second we use the WRF domain wizard developed 

by Earth System research Laboratory. We use 3 nested domain for this region consisting the 

size of 36, 12 and 4 km respectively. We use different physics scheme for this simulation and 

after a long validation process, came up with those option which gives us better results. 

 

 

 

  

 
Fig.2. Domain for WRF simulation using two different techniques 

 

2.2 Radiosonde Launching 

The radiosonde data is obtained from a New Mexico State University Ozonesonde and 

Radiosonde campaign during the summer of 2017, with the collaboration of University of 

Texas at El Paso and St Edwards University. We launched almost 60 balloons from five 

different location in this region. Those weather balloons carry out Radiosonde and 

Ozonesonde and reach up to 30 km in the vertical height. For our validation purposes, we 

used 3 different location which has the TCEQ ground station. 

 

   
 

2.3 METOP Satellite  

MetOP (Meteorological Operational) is Europe's first polar-orbiting operational 

meteorological satellite. It is the European contribution to the Initial Joint Polar System 



 

3  

PAPER TITLE  

(IJPS), a co-operative agreement between Eumetsat and the US NOAA to provide data for 

climate and environmental monitoring and improved weather forecasting MetOP A and 

MetOP B is currently active, METOP C will be launched by this year. [2] 

 

3. Results  

For our validation purpose, we inter-compare the vertical profiles of the different 

meteorological parameters like temperature, relative humidity from Weather model and from 

Radiosonde. 

 

  
Fig.3. Inter Comparison of Vertical Profile of different Meteorological parameters 

 

And finally, we retrieve the satellite data from METOP and Inter compare all the data 

together for a specific day. 
 



 
Fig.4. Inter Comparison of Radiosonde, WRF and METOP data 
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ABSTRACT 

The US Department of Energy (DOE) is instigating a service extension program for the 

US coal-fired power generation fleet. The extension program sees that power plants remain 

operational for an additional 30 years of service. The primary concern for fossil energy (FE) 

material scientists is the rapid experimental screening of the long-term creep behavior of 

candidate materials. These candidate materials must be manufactured and subjected to 

physical experiments to gather the empirical evidence necessary for material qualification for 

long-term creep. Accelerated creep testing (ACT) is a well-established method to reduce the 

time-for-material-qualification; however, none of the existing ACTs provide rapid and 

detailed information concerning long term creep deformation and rupture behavior. This 

method has been used in polymer experiments to accelerate from 20 to 107 hours. 

In this study, two new ACTs: the stepped isothermal method (SIM) and the stepped 

isostress method (SSM) will be used to record the over a short period of “real” time, the long 

term multistage creep deformation to rupture of P91 steel and INC718. Mechanical creep 

tests are conducted on several specimen at elevated temperatures. The stresses and 

deformations are observed using Digital Image Correlation (DIC). The data gathered from the 

experiments will then be put into a MATLAB code which will allow the user to make edits to 

the data and generate new strain and time accelerated data with minimal error. 

The FE material scientists will be able to rapidly experimental screen new candidate 

materials. This allows for the potential of an FE scientist to reduce the time to 

implementation of new creep resistant alloys from decades to months. In addition, this 

knowledge can be integrated into the design procedure for the next generation of Fossil 

Energy power generation. 

ACCELERATED CREEP TESTING (ACT) 

Accelerated creep testing (ACT) has four methods of material qualification that are used 

in industry. The most common form of ACT is using conventional creep tests (CCT). These 

tests utilize well established master curve models, such as Larson-Miller and Orr-Sherby 

Dorn, to plot the isotherms of creep tests against them in order to predict rupture time at 

varying stresses and temperatures. However, the CCT requires a considerable number of 

creep tests to be conducted in order to ensure a proper extrapolation is performed.  

Another well established form of ACT is the stress relaxation test (SRT). This method 

creates isotherms of creep strain rates and activation energies to create a strain rate master 
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curve. Utilizing this test method allows for multiple isotherms to be created using one 

specimen. Unfortunately, this test method is extremely sensitive and does not provide enough 

information on creep deformation and rupture.  

The final methods of ACT, and the primary focus of this research, are two new test 

methods, the stepped isothermal method (SIM) and the stepped isostress method (SSM). Both 

of these methods increase the temperature or stress of the specimen over a specific interval of 

time in order to accelerate the time to rupture of the specimen. These two methods are very 

similar however, SSM provides tighter control due to load and step-changes due to 

temperature while SIM changes the mechanical properties of the specimen, increases the 

oxidation rate, and cause the heating process to become less efficient or non-uniform. These 

two methods do take more time than SRT however, unlike SRT and CCT, they require fewer 

specimen for more data because the tests are non-destructive. 

HIGH TEMPERATURE DIGITAL IMAGE CORRELATION (HT-DIC) 

The SSM and SIM ACTs will be performed in a split tube furnace with varying 

temperatures, ranging from 1200°F to 1800°F. Therefore, the high temperature digital image 

correlation (HT-DIC) method will be used as proof of concept for these ACTs. The strain 

measurements of the HT-DIC will be compared to the results given by the high temperature 

extensometer.  

To perform DIC at high temperatures, a setup was created to overcome complicacies in 

HT-DIC. When performing high temperature ACTs, several problems arise for DIC, icluding 

incandescence and limited angles of view due to the split tube furnace’s design. Figure 1 

demonstrates the HT-DIC setup. This setup consists of coating the specimen with a black and 

white random speckle pattern, a camera stand, a 2.0 Megapixel Digital Camera (1624 x 1224 

@ 30 fps), a high temperature 450nm blue C-Mount lens filter, a 450nm blue Light-Emitting 

Diode (LED) focused light source, a 3D printed mount for the LED light, Correlated 

Solutions Vic Snap 8 software, and Correlated Solutions VIC-3D digital image correlation 

system. 

 

Figure 1. High temperature DIC setup showing the 2.0 Megapixel Digital Camera and 

the blue light emitting diode, directly aligned with the specimen through the view port of the 

split tube furnace. 



 

3  

The speckle pattern is standard when utilizing DIC so that the camera can track the specimen. 

The blue light allows for the DIC to track the specimen when incandescence becomes an 

issue.  

The Correlated Solutions VIC-3D digital image correlation system needs to be calibrated 

before use. Therefore, a 3mm calibration target was positioned in front of the specimen and 

calibrating images where taken before heating the furnace. After calibration, a calibration 

number is obtained by calculating the average error (in pixels) between the position where a 

target point was found in the image, and the theoretical position where a mathematical 

calibration model places the point. The process of calibration has to be repeated until the 

calibration error number is less than 0.05. Then, the test images of the changing random 

speckle pattern of the specimen can be taken throughout the test, and strain maps and videos 

can be generated.     

DATA ANALYSIS OF ACCELERATED CREEP TESTING 

Utilizing the data gathered from the mechanical testing, the raw data will be inputted into 

a MATLAB code. The code will calculate the creep strain rate and time accelerated for the 

SSM data at the different steps of stress. The code will use Mcvetty’s equation: 

 0,*( )
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     (1) 

where G, q, and H are constants that are minimized to reduce error at each step, t0 is the start 

time adjustment, t is time and ,cr i  is the creep strain rate. Time accelerated is calculated 

using: 
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where i  is a time-shift factor. The time-shift factor is calculated by: 
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where C1 and C2 are constants, 0  is equal to the first step stress, and i  is each step stress 

level. 

Once the Matlab code has finished these calculations, the results shall be compared to our 

database to ensure that the material was qualified properly in that our creep rupture times 

were accurate. 
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ABSTRACT 

Creep strain [1-2] in materials is a prominent issue for several industries, including aeronautics, 
civil development, energy and the production of consumer products. Understanding creep 
phenomena is essential to improving the lifespan of materials and maintaining safety 
standards. To this end, several creep strain prediction models have been developed to attempt 
to accurately depict how creep strain will behave over time at a set isostress and isotherm. 
These models however, depend on temperature and stress specific constants which must be 
determined in order to accurately fit the model to experimental data. The objective of this 
paper is to demonstrate the progress made toward creating a model constant optimization 
script using MATLAB software and the techniques used to obtain accurate model constants 
and model fits to experimental data. 
 
1 Breakdown of Creep Strain 
Creep strain can be broken down into 3 regimes; primary, secondary, and tertiary, depicted in 
Fig. 1. From zero, the strain tends to increase exponentially until it transitions to secondary 
creep, where it becomes a relatively linear increase until it increases exponentially once again 
until material fracture, this last exponential increase is called tertiary creep and is generally 
the quickest of all three regimes. 
 
2 Secondary Creep MATLAB Code 
A few different initial secondary creep models were to be used in the MATLAB code to 
predict minimum creep strain rate, which are shown in Table 1 and are the last 7 models in 
the table.  The structure of the secondary creep MATLAB code is made in a way such that 
initially, data is extracted from a chosen source, such as the creep database that has been 
developed in conjunction with the creep model codes, or a user specified source that complies 
with a given format that allows the source file to be read by the code.  In the case of the 
secondary creep models that are in the MATLAB code, the data of interest to be extracted is 
the temperature, stress, and minimum creep strain rate values for a material from the database 
or the source.  After the data is extracted it is categorized in MATLAB, stored, and saved.  
Each individual model is written as its own function for means of coding simplification and 
consistency.  Inside of each function, the models are scripted such that what must be 
optimized are the material constants for the secondary creep models such as A and n, which is 
important data that needs to be found to predict minimum creep strain rate values.  The 
models are then given bounds and initial conditions which are important and will be 
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discussed in a later section.  To optimize the constants, predicted minimum creep strain rate 
values are compared to real values in log form to normalize the data since minimum creep 
strain rate tends to be in the magnitude of small numbers.  The comparison is then optimized 
in a way such that the program finds the smallest possible difference between the values.  The 
final material constants can show predicted minimum creep strain rate values for a given 
simulated stress range.  The whole process of finding material constants and simulated 
minimum creep strain rate values is done for each different isotherm from the extracted data, 
meaning that the constants are found for every different temperature level.  The predicted 
minimum creep strain rate values with their corresponding simulated stress values are then 
plotted alongside the initial raw extracted data to show a visual representation of how the 
predicted values fit the actual data.  The MATLAB script then shows the accuracy of the 
predicted values to the data by calculating the Normalized Mean Square Error, which is a 
common means of verification and validation for the predicted values which will ultimately 
dictate which predictions are usable and which are not. 
 
2.1 Optimization Parameters 
An important aspect of the optimization process in the code are the initial conditions and 
boundary conditions.  When optimizing values, a common initial boundary to fit any data is 
to set the boundaries free.  What this means is that the data can be any value, from negative 
infinity to positive infinity, as long as the simulation is able to fit the actual values.  These 
boundaries however, although at times convenient, can end up simulating unrealistic results.  
Realistic material constants are not negative or imaginary since they represent actual 
characteristics of a material.  If the lower boundary for optimization is left to negative infinity 
for example, the optimization can generate negative or imaginary values to fit the data if 
these values can predict simulated values that appear to meet the fitting criteria.  In the 
MATLAB code, a lower boundary was set of zero to prevent these imaginary and negative 
material constant optimizations.  The upper boundary, or the maximum the constants can be, 
is easier to handle since there is a big range of possible material constants that can represent a 
material.  A very important aspect of the optimization process however is the initial condition 
that is to be used.  The initial conditions can massively alter the predictions that will be 
generated from the code.  The initial conditions are derived from the raw data by fitting a best 
fit line of the data using the models that are to be optimized.  If the data that is to be used to 
derive the initial condition shows characteristics such as a big scatter and a small resemblance 
to an ideal minimum creep strain rate curve, the initial condition, which would be derived 
from that data, would not be ideal.  What the conditions would predict would not be either 
viable for many sources or result in unrealistic material constants, such as in a case where the 
lower boundaries would not be set.  It is important that when the initial condition is derived, 
different sources of data are merged, there is small scatter, an extensive number of data points 
are used, and the data represents an ideal minimum creep strain rate curve as much as 
possible to find the most optimal initial conditions.  These conditions allow for data with 
different conditions to be fit. 
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3 Point of Interest Analysis 

Point of interest analysis is s technique used to determine isostress and isotherm sensitive 
constants for certain creep prediction models. Using this method, creep regimes [3-5] can be 
separated and analyzed independently of one another. Within these regimes exist several 
points of interest which may serve as referential instances of strain and time to be used in the 
derivation of model constants. The derived constants will be dependent upon the set of 
experimental data, resulting in constants that are real, nonnegative, nonimaginary integers. 
The constants may then be used as accurate initial guess constants in numerical optimization 
software for comparing creep strain prediction models for a wide variety of tests, including 
creep rupture, and creep deformation.  
 

3.1 Key Points  

There exist several key points within the traditional representation of creep strain versus time 
which may be used as reference points in determining constants for creep strain prediction 
models. The points of interest listed are the most prominent, however, more potentially exist; 
any instance of creep strain with respect to time which may help in deriving a model constant 
may be considered a point of interest, therefore point of interest analysis may be applied to 
find constants for nearly any model.  
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Fig. 1 – Displays several depictions of creep strain and creep strain rate as well as points of interest A through E 

and where they exist 

 
3.2 Primary Creep Regime 
Point A: Saturation occurs when primary creep approaches a horizontal asymptote and 
begins the transition into secondary creep. This horizontal asymptote, the accumulated 
primary creep strain, is a key point of interest (point A) because at a set isostress and 
isotherm it remains constant.  
Point B: This point of interest is does not change with stress and temperature. This is an 
important reference point because the quantity is known and always exist. 
 
3.3 Secondary Creep Regime 



Point C and D: The secondary creep regime is a quasi-linear portion of the creep 
deformation curve where strain hardening is balanced by recovery processes within the 
material, characterized by the minimum creep strain rate, min [6-7]. Within the secondary 
regime, there exists as a linear transition between primary to tertiary creep as depicted in Fig. 
1 point C. Under high isostress and isotherm, this regime may present itself as a regime or 
resolve into a single point at point D, known as the collapsed secondary creep regime. 
Point E and F: Point E represents the transition from the primary to secondary regime while 
point F represents the transition from secondary to tertiary regime. Both are important 
reference points and can be used as to select values of strain and time for use in solving for 
model constants mathematically. 
  
3.4 Tertiary Creep Regime 
Point G: At rupture time, ft , creep ductility, f  is achieved, indicated by point G in Fig. 1. 

This point of interest may be used in time dependent function derived from model analysis or 
regime breakdown, as well as algebraic variables when solving for model constants, similar 
to point B. 
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Appendix Table 1 – Creep strain prediction models 
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ABSTRACT 

In this paper we will present a validated and verified (V&V) development of a design model for a 
resistive heated hair straighter for the Helen of Troy LTD.  This model development employed an 
experimental characterization of the electrical resistivity of the heating element as a function of 
temperature as well as the subsequent development of the finite element model in ANSYS AIM.  
The heating element employed in the design is a positive temperature coefficient of resistivity 
made of Barium Titanate (𝐵𝑎𝑇𝑖𝑂!). A series of different experiments were conducted to 1) 
characterize the PTC heating element and 2) validate the full finite element model. In addition, an 
error analysis of the experiments and with the data obtained will simulate the design. Comparison 
will be executed after both values are acquired and will be discussed to conclude performance of 
the heating element. The experimental values obtained from a 30 Volts DC Supply is a temperature 
of 206°C and a resistance of 70 Ω. 

1 Introduction 

1.1 Barium Titanate as a Thermistor 

Barium Titanate is a positive temperature coefficient (PTC) resistivity material, where the 
resistance increases as the temperature increases.  The performance of this material consists on 
the phase change at the Curie temperature, which is a transition from ferroelectric tetragonal 

phase to paraelectric cube phase [1].  This phase change 
is associated with a large increase in the material 
resistivity, Fig 1, which allows the material to self-
regulate its temperature from Joule heating without 
feedback control. 

 

 

 

 

 



	

	

Fig. 1 Typical resistivity behavior of a  𝐵𝑎𝑇𝑖𝑂!                                                                                                               
h                  type PTCR material. 

 

 

2 Procedure  

2.1 Experimentation Set Up and Theory Applied to Determine Values for V&V 

 

To be able to obtain the material resistivity as a function of temperature the following 
experimental setup shown in Fig 2 was employed.  

 

    Fig. 2. Schematic of Experiment setup    

A shunt resistor was used to determine the current on the circuit in series.  

𝐼 = !
!
        (1) 

𝐼!"!#$ = 𝐼!!!"# = 𝐼!"#$!!       (2) 

𝐼!!!"# =
!!"!!!"#
!!!!"#

        (3) 

The voltage drop was measured with a DAQ DI-245 and its software, WinDaq. Solving for 
Resistance of 𝐵𝑎𝑇𝑖𝑂! derived from equation (1) and equation (3) we obtain the va 

lue of resistance in function of time. 

𝑅!"#$!! =
!!"#

!!"!!!"#
!!!!"!

       (4) 

The resistance is relevant to obtain the resistivity of 𝐵𝑎𝑇𝑖𝑂! in function of time from: 

𝜌(𝑡) = 𝑅!"#$!! ∗  !
!
       (5) 

   𝐴 = 𝐴𝑟𝑒𝑎, 𝐿 = 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

Resistivity is fundamental for the finite element model. 



	

	

  

 

Fig. 3. Resistance V.S. Time graph from 30 Volts DC supply 

 

Fig. 4. Resistivity V.S. Time graph from 30 Volts DC supply 

3 Experimentation Conclusion 

The results showed previously are with a low voltage supply, which illustrates the behavior only 
of the Jonker model. Future experiments are planned to be executed to obtain richer data and 
finalize the analysis of the transition on  𝐵𝑎𝑇𝑖𝑂!. 

4 Design Finite Element Model 

The next part of the project was to use the results obtained for the resistivity of the Barium 
Titanate and integrate them into ANSYS AIM design finite element model. The model 
developed was a steady-state thermal electric model. This allows for the coupling of the 
conservation of charge equation with the conservation of energy equation.  The voltage potential 
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was applied as a boundary condition to the PTC heating element which coupled to the heat 
transfer model (conservation of energy) though Joule heating.  This heat is then dissipated 
through the plastic housing of the hair straightener and then by convection to the ambient air.  
Great care was taken to accurately model the internal convection in the housings air cavities, 
which was approximated by conduction through the void space, and to get the correct convection 
on the housing exterior surface. 

 

Fig. 4. ANSYS AIM Analysis of The Hair Straightener 

5 CFD Conclusion  

The final model was compared to experimental results of the actual hair straightener as a post-
audit validation exercise. As it’s clearly visible the temperature reached by the hair straightener 
reached its maximum point at the middle of the heating plate with the temperature significantly 
dropping once it reached the lower housing part of the hair straightener. Here the temperature 
stays uniformly at around 22 °C which is the same of the room temperature. 
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ABSTRACT 

The purpose of this project is, through collaboration with local manufacturer Tranter, to 

redesign the features of a plate-type heat exchanger so that it can withstand higher liquid 

pressures. A rubber gasket, held between two machined plates, ensures proper sealing of fluid 

inside the apparatus. However, pressure generated by the inside fluid can make the gasket 

deform and displace, causing leaks. In this project, we will first create a 3D model of the plate 

and gasket assembly, upon which Finite Element Analysis (FEA) simulations can identify the 

weak points most likely responsible for gasket deformation and displacement. Based upon 

these results, the pitch, or distance between center points of adjacent nubs on the plate, and the 

width, or area of the top of the nubs, will be adjusted to improve the pressure the gasket can 

withstand before leaking. The group has already run computer simulations for stress and 

displacement on the completed three-dimensional model of the original design. Additionally, 

a physical prototype of the redesigned plate will be built for use in practical experiments. 
 

1 Introduction 

A plate heat exchanger is a type of heat exchanger that uses thin metal plates to exchange heat 

between two circulating fluids. The gaskets are placed in between each plate for separation and 

to create a small chamber that allows fluid to flow through it. They also ensure that the plate 

heat exchanger does not fail by keeping the two different fluids isolated. Every other plate in 

the assembly is rotated 180 degrees to create counter current flow [1], which is where one fluid 

flows up the plate on one side and the second fluid flows down the opposite side. This allows 

the plate to act as a conduit and transfer heat from the fluid on one side of the plate to the fluid 

on the other side of the plate. Once both fluids have passed through the heat exchanger, the 

cold fluid should come out warmer and the hot fluid should come out colder[2]. 

 

 

 

 

 

 

 

 

Fig. 1. Flow of plate heat exchanger 

 



 

 

 

To begin, we first had to define the focus of the project. We decided to concentrate on the 

port area of the plate because this is the area determined by our collaborators at Tranter to be 

where the gasket is most likely to fail. We then defined the parameters of the plate that we 

could manipulate: the pitch and the area of the top part of the nubs. We then created multiple 

prototypes to finalize the thicknesses of the plates for safety and ran Finite Element Analysis 

simulations to determine the weak points most likely responsible for the gasket deformation. 

Next, we will create the experimental setup for which we can compare real world results to 

those produced by SOLIDWORKS® simulations. Our ultimate goal is to refine the 

dimensions of the plate in a way that will increase the pressure tolerance of the plate heat 

exchanger. 

 

                  Fig. 2. Port area of plate                    Fig. 3. Pitch and area of top part of nub 

 

2 Design 

2.1 Gasket 

This is the gasket that will be used throughout the project. As determined by our collaborators 

at Tranter, the gasket is a control variable because it’s dimensions will be held constant. The 

gasket is made out of NBR material, which is very elastic. 

 

 

 

 

 

 

 

 

 

Fig. 4. Gasket 

 

 

 



 

 

2.2 Bottom Plate 

After several prototypes, we finally created a SOLIDWORKS ® model that resembled the 

port area of a bottom plate in a plate heat exchanger. This plate will be made out of 

Aluminum 6061 material because it is quite strong and also has a high resistance to corrosion. 

The thickness of the plate was then determined by running Finite Element Analysis 

simulations and was finalized at 55 mm or 2.17 inches. Since 2.17 inches is an odd thickness 

to try to order online, we ordered a 12” x 12” piece of aluminum that was 2.25 inches thick. 

 

 

 

 

 

 

 

 

 

Fig. 5. Aluminum Bottom Plate  

 

2.3 Top Plate 

The top plate of the assembly was a much more difficult piece to work with because of the 

material we decided to use. Since the aim of this project is to see the gasket displacement at 

certain pressures and then attempt to increase the pressure tolerance of the gasket, there had 

to be a way to see the actual gasket displace during the experiment. Therefore, we decided to 

make the top plate out of clear acrylic because it would be transparent. However, since clear 

acrylic is not as strong as aluminum but still must withstand at least 50 bars of pressure, the 

plate needed to be thicker. In fact, it’s thickness is over twice that of the aluminum plate at 5 

inches. Though initial simulations indicated a top plate with a thickness of 4 inches would 

likely be sufficient, we finalized at 5 inches to guarantee that the clear acrylic material would 

not crack before the gasket displaced. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6. Clear Acrylic Plate 

 



 

 

 

2.4 Assembly 

After determining the thicknesses of the plates, we designed the experimental setup. Initially, 

we wanted the plates to be stood vertically so that we could see the displacement of the 

gasket if we were standing a few feet away. However, attempting to get the air out of the 

assembly would be more difficult if the plates were to stand vertically, so we rearranged the 

setup to now sit horizontally on a 1-foot-tall stand. In this setup, water will come in from the 

bottom through the aluminum plate and the assembly can be turned upside down if need be to 

let any air out. A large washer made from steel will be placed on top of the clear acrylic sheet 

to attempt to dispel any stress that the plate undergoes from the bolts, and the steel sheet that 

acts as the top of the stand will do the same for the aluminum plate. A high-speed camera can 

then be placed on a tripod above the setup and angled down at the clear acrylic plate so that 

the gasket deformation can be seen. There will be a scale drawn or added to the top of the 

clear acrylic plate so that the deformation of the gasket can be measured.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Experimental Setup 

 

3    Results 

The goals of this project are to understand the behavior of the rubber gasket in a plate heat 

exchanger when subjected to high liquid pressure and to ultimately increase the amount of 

pressure the rubber gasket can withstand before failing. Working towards the former goal, 

accurate representations of the port area of a plate heat exchanger for a top and bottom plate 

were created on SOLIDWORKS ®. These models were then used in numerous Finite 

Element Analysis simulations to determine the weak points of the plates where possible 

deformation and failure could occur. They were also used to determine the thickness of each 

plate. For a thickness to be safe, it had to meet several criteria. First of all, the plate would 

have to be thick enough to withstand at least 50 bars of pressure so that the gasket would fail 

before the plate would. Secondly, the factor of safety for the plate would have to be at least 

1.5 or above. Lastly, the displacement of the plate could not be above 0.25 mm because this 

would allow any liquid inside to circumvent the gasket entirely, causing a failure. After 

several attempts, we finalized the plate thicknesses: a 2.17-inch-thick aluminum plate and a 

5-inch-thick clear acrylic plate.  

 

 



 

 

 

 
Fig. 8. Displacement (0.003 mm) of Aluminum Plate            Fig. 9. Factor of Safety (2.57) of Aluminum Plate 

 

 

 

Fig. 10. Displacement (0.143 mm) of Acrylic Plate               Fig. 11. Factor of Safety (1.625) of Acrylic Plate 

 

4    Conclusion 

In conclusion, we have successfully created multiple basic 3D models and a more accurate 

3D model of the port area of a plate heat exchanger in SOLIDWORKS®. We also ran a wide 

variety of Finite Element Analysis simulations on both SOLIDWORKS® and Ansys to 

ensure the selected dimensions of the experimental model met the desired deformation and 

factor of safety standards. Those results allowed for finalized plate thicknesses of 2.25 inches 

for the aluminum plate and 5 inches for the clear acrylic plate. Finally, we have designed an 

experimental setup to test our refined prototype plate heat exchanger assembly. 

 

5    Future Works 

For the future, we will create the designed experimental setup. Materials have been ordered 

and machine work on the plates will commence in-house upon arrival so that practical 

experiments can begin. We will run at least one experiment on the setup and determine the 

pressure tolerance of the gasket. We will also run additional FEA simulations on the entire 

experimental setup through SOLIDWORKS® and ANSYS and compare the results of the 

practical experiment to the simulation data. Based upon these collected results, we will 

improve the design of the plate heat exchanger to provide additional reinforcement to the 



 

 

 

gasket so that it can withstand greater pressures before deforming, displacing, or otherwise 

failing. 
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KINEMATIC ANALYSIS AND HYDRAULIC INTEGRATION OF A MECHANICAL FOUR-BAR PROSTHETIC KNEE 

Abstract 
The LIMBS four-bar Injection-Molded (IM) prosthetic knee is a low-cost solution for Above Knee (AK) 

amputees. The prosthetic’s geometric design allows the amputee to support their weight up to 5⁰ of 

knee flexion, where the knee naturally retreats to a null flexion. However, a more natural gait cycle 

requires further flexion and kinematic response of the knee at the weight bearing stage. The limited and 

passive weight support system depends completely on the geometrical design of the knee. The inability 

of the prosthetic knee to support weight through 96% of its flexion range endangers the patient to 

stumble and fall. By hydraulically controlling the motion of the knee as it flexes, it is possible to more 

closely imitate natural gait and execute stumble control. Knees with hydraulic control in the market are 

expensive due to the fees involved in medical regulation and technological price inflation. The project 

aims to integrate hydraulic control to the current IM model while maintaining affordability. To add a 

hydraulic cylinder to the prosthetic knee, a mechanical re-design of the architecture is necessary. A 

kinematic analysis of the geometry was performed to identify the optimum location of the piston; this 

entailed a cross-section comparison of the forces and torques involved in controlling the knee flexion. 

The architectural redesign must minimize model alterations and size, while maximizing control. This 

research is aimed to aid those in need of a functional prosthetic at a low cost. 

Introduction 

There are approximately 2 million amputees in America, 19% of which are AK amputees, 

with a growing population of 30 thousand more each year (Amputee Coalition, 2004). Adults 

utilize from 15 to 20 prosthetics in their lifetime, while children require a new prosthetic every 

6-12 months. The global population of AK amputees is 5.5 million, requiring 1.8 million AK 

prostheses annually (BME-Report, 2015).  The current market size is that of $54 million USD 

annually worldwide. The amputee population will keep growing with time, at a rate of one new 

amputee every 30 seconds. The number of amputees will double by the year 2050 (Advanced 

Amputees, 2012). There is a significant population of amputees in poverty worldwide, living in 

rugged agricultural and poor urbanities. However, there is a lack of targeted prosthetics for 

these individuals. Prosthetic knees are commonly designed towards a population who can 

afford them; those individuals typically reside in cities and have minimal physical activity. The 

price of Multiprocessor Controlled Knees (MPCKs) with hydraulic control can cost upwards of 

$20,000 USD. The LIMBS M3 Relief knee, which provides a four-bar knee joint, at a low cost of 

approximately $50 USD. The D-Rev knee which started as the Jaipur-Knee is also a four-bar 

design with massive manufacturing capabilities at $80 USD. 
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KINEMATIC ANALYSIS AND HYDRAULIC INTEGRATION OF A MECHANICAL FOUR-BAR PROSTHETIC KNEE 

The market is full of expensive MCPKs that do not fit the needs of a humbler market. 

The price of electronic prosthetic knees is out of reach for most of the world population. The 

needs of a patient in a developed city and a rural area are very different. A characterization of 

the market can provide useful information to direct the project towards target consumer and 

set an acceptable price-range.  

The LIMBS Relief Knee is a passive mechanical knee which utilizes a four-bar system to 

provide stability to the patient during gait. A purely mechanical system has advantages such as 

a low price and negligible weight. Passive knees rely on their geometry to support the weight of 

the patient during the loading phase of walking (Lenka, 2016). The range of flexion in which a 

passive knee can withstand weight bearing without collapsing is miniscule. Stumbling and 

falling is a common occurrence without an active control system (Furse, 2011). The current 

LIMBS knee can only support when fully extended; however, when loaded within a 5⁰ range, it 

naturally returns to a null flexion where it can hold the patient’s weight. The ability of a four-

bar system to be naturally stable is a very desirable trait, which single axis hydraulic MCPKs 

lack. A four-bar system more closely imitates a natural knee since it contracts and raises the toe 

for clearance during gait as well as providing a more secure stance (Galey, 2016).  

Stability is a big concern for transfemoral amputees. Transfemoral amputees walk 56% 

slower compared to a healthy individual, and they expend 233% more oxygen when walking on 

a level surface (Smith, 2004). Amputees also present an imbalance on their pelvic rotation, to 

compensate the lack of any proprioceptive afferents on the knee. The lack of these muscles and 

tendons also create an inability to walk up or down stairs or make it difficult to traverse a 

sloped surface (Mareef, 2010). Stumbling is one of the main concerns transfemoral amputees 

have. Stumbling may or may not result in a fall or an injury, but it decreases the patient trust in 

the prosthetic, making the him walk slower and increase their mental energy expenditure while 

walking (Smith, 2004). Although there are a several prosthetics covering great part of the ability 

and cost spectrum, there is a lack of targeted prosthetics for rugged agricultural and poor urban 

environments. 

The main objective of this project is to incorporate hydraulic/microprocessor control to 

the injection molded version of the LIMBS Relief Knee. The project will build upon previous 

designs from Olin SCOPE (Brown et al., 2016), and the MCPK prototype from The University of 

Texas at El Paso (Galey, 2016). The redesign is steered towards allocating all components in a 

tight architecture and incorporating the cylinder in an optimal position such that it achieves 

static control over the first 20⁰+ of flexion.   

Methodology 

Market Analysis 

A review of the current market allows us to steer the direction of the project. The cost is 

a very important factor in the final design and material specification. The cost of manufacturing 

and purchased components needs to be covered in the final launch price of the product. The 



KINEMATIC ANALYSIS AND HYDRAULIC INTEGRATION OF A MECHANICAL FOUR-BAR PROSTHETIC KNEE 

Fig. 1: Four Bar Sytem 

with static bottom 

Table 1: Market Analysis 

prosthetic needs to be as inexpensive as possible; affordability for the target demographic by 

LIMBS International is crucial (LIMBS, 2010). The Olin SCOPE project had an expected budget of 

$674.00 USD (Brown et al., 2016); the UTEP LIMBS project $507.00 USD. The budget should 

approximate the cost of the previous endeavors to a certain magnitude with the goal of 

estimating a final price.  

L Codes are a list of referential values that insurance companies utilize to price medical 

equipment such as prosthetic devices, they roughly translate the price of the prosthetic 

depending on a variety of factors such as state, insurer, and prosthetist. The following table 

showcases a list of knees, their weight, capacity, height, maximum flexion and relevant 

information. 

 

Kinematic Analysis 

The mechanical redesign needs to accommodate the microprocessor, sensor and 

cylinder without altering the fundamental geometry of the current design. Alterations to the 

body of the bars are allowed if it does not interfere with the placement of the axils and pylon 

attachments. As a basis for the redesign a kinematic analysis of the system has been carried out 

with the intention to recognize the necessary force and placement to counteract the moment 

generated by the gait cycle. 

The first step to calculate the forces and moments going through the mechanical system 

is to know the positions of the links corresponding to an angle of flexion between the 

tibia and femur. A geometrical analysis of the positions of the bars while flexing was 

necessary to attempt any kinematic or static force calculations. The flexion between 

the tibia and the femur can be interpolated from the relative positions of the top and 

bottom block. To solve the four-bar system using vector loops we find the following: 

Prosthetic Knee L Codes W. Cap. (kg) Weight (g) Height (mm) Max Flex (⁰) System Relevant Information

Very Good Knee 125 1400 220 155 Hydraulic Unique vortex system. No batteries requiered

Willow Wood GeoFlex L5611 + L5845 + L5850 115 768 Mechanical Stable up to 20⁰

Ottobock 3R80 L5828 + L5845 + L5850 + L5925 150 1240 163 150 Hydraulic Waterproof. K3-K4

LegWorks All Terrain Knee 125 1025 201 150 Mechanical K1-K4

Ossur Mauch Knee L5828 + L5845 + L5925 136 1025 248 115 Hydraulic K3-K4

Ossur Total Knee L5611 + L5845 + L5850 100 675 173 160 Mechanical Six bar knee

Aulie 802 Nylon Knee L5930 + L5824 + L5925 + L5850 100 750 254 Mechanical ISO 10328 Compliant

Ossur Cheetah Knee L5930 + L5613 100 620 108 110 Mechanical Threaded top

Ottobock Sports Knee  L5824 + L5925 + L5930 100 682 48 135 Mechanical Pyramid connection top and bottom

Ottobock Pheon L5611 + L5845 + L5850 125 840 142 155 Mechanical Stable up to 10⁰. Adjustable spring.

Ottobock 3R60 L4814 + L5845 + L5848 + L5781 125 845 171 175 Pneumatic Vacuum pulls residual limb into socket

Ottobock 3R46 L5613 125 740 110 Mechanical Lamination anchor

Endolite Aqualimb TF 100 2000 400 Mechanical Full leg system. Identical to LIMBS M3

Endolite Compact SAKL 125 325 140 Mechanical Pyramid and tube clamp

Ottobock 3R49 Brake Titan L5812 + L5850 100 360 150 Mechanical Single Axis locking mechanism

Ossur Balance Knee L5611 + L5850 + L5925 125 600 154 180 Mechanical K1-K2 

Ossur Balance OFM1 L5611 + L5845 + L5850 + L5925 136 640 150 Mechanical Highly customizable

ST&G 1324 Stance Flexion L5611 + L5845 + L5850 125 766 160 Mechanical Stable up to 20⁰. Five bar design.

ST&G Swan Knee L5613 + L5850 75 670 194 150 Pneumatic Stable up to 20⁰

Endolite KX06 145 1230 230 160 Pneumatic K3-K4

AVERAGE 117.85 860.05 191.066667 146.5625

MEDIAN 125 758 173 150

STANDARD DEVIATION 18.1584003 373.0422 76.1345009 19.899651
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Fig. 3: GRF and Flexion 

Fig. 2: Static Link Analysis 

The lengths of the links are known and the angle θT can be used to describe the angle of 

flexion between the femur and the tibia. However, to solve the equations with the main angle 

of flexion we need to discretize the solution by solving for the interior angles instead. A 

geometrical manipulation by setting the link as a static 

member, simplifies the solution enough to solve for all 

angles. The geometry is then solved for all possible flexions 

θ and then translated to a static bottom. 

The mathematical model computes all posible link positions 

at all flexion positions, which in turn allows for the computation of 

forces and moments through the linkage possible. The positioning 

of the anchor points of the piston can be 

included in the model. The piston anchor 

points will allow us to calculate the 

expected stroke of the cylinder. The design 

will assume that the piston will be attached 

by two hinge joints in which rotation is 

allowed only in the plane parallel to the 

flexion between femur and tibia.  

The gait cycle can be introduced in the model, in which we can do a crossection analysis 

between the flexion of the knee and the Ground Reaction Force (GRF) applied through the 

system. The gait data can be replaced in the software at any point, in the current model we use 

data extracted from literature (Godest, 2001). The figure displays the angle between the femur 

and tibia called “flexion”, and the GRF-factor, in 

which you multiply times the weight of the patient 

to solve for force applied to the ground.  If we 

model the relationship between flexion of the knee 

and the GRF it is possible to mathematically solve 

for the forces going through the members of the 

system, and the torques produced by them. The 

solution of the syem would give us a theoretical 

force necessary to arrest the movement of the 

knee at any point in time. The mathematical model 

plots the positions of programmed points utilizing 

the mathematical relationships between the joints 

using MATLAB. The software allows for the input of any gait cycle and flexion plot. Every single 

mathematical property that influences the behavior of the knee is technically modifiable and 

instantenously resolved. Such factors include: Length of bars, fibia and tibia; gravitational 

forces; piston attachment points; gait cycle speed (cadence); maximum and minimum ground 

reaction forces, etc.  

gait 

rad 

N 
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Fig. 4: Position, velocity and acceleration plots 

 

The program should 

output the required force to 

statically arrest the knee at 

any point in gait; the interior 

angles derived from a 

complete flexion; forces, 

moments, position, angular 

velocity and angular 

acceleration of the links, tibia 

and femur.The figures on the 

left show the position, 

angular velocity and angular 

acceleration. The time for the 

gait cycle to be completed is 

assumed to be 1.2 seconds in 

accordance to the average 

cadence and walking speed 

of a regular patient. 

 

 
Fig. 5: Flexion to Bars 

The relationship between the flexion of the knee (angle 

between tibia and femur) and the position of each link 

with respect to the bottom link through the positive x-

axis in degrees.  

 

Fig. 6: Forces and Moments Tibia and Femur 

The forces and moments produced by the GRF traveling 

through between the start of the femur and the end of 

the tibia while in gait.  
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Fig. 7: Forces through Link and Cap 

Forces resulting from the angle of flexion and force 

applied during gait. The proof is the sum of the force 

going through both links which should be equal to the 

parallel component of the GRF. 

 

Fig. 9: pointTracker, frame 4/14 

 

 

 

 

The program can animate a series of plots that detail 

the position of the link, the cap, the top, the angle of the GRF 

and the force applied to it at ever point in gait. Utilizing this 

information, a pseudo static analysis of each frame produces 

the required force to arrest the motion. The ‘pointTracker’ 

determines the position of all points with respect to flexion or 

gait. Critical design information is extracted from this analysis. 

The stroke and arresting force of the piston can be determined 

by tracking the anchor points and the cylinders position. Four 

possible attachment points have been determined in 

accordance to the geometry and current architecture. The four 

points will be tracked and the ability to arrest the motion will 

determine the position of the piston attachments. It is possible 

to track any point relative to the architecture during gait and 

flexion. The attachments of the piston will allow for the 

rotation in the frontal plane. The moments in the other two 

planes will be neglected and assumed to be zero. The 

attachment on the Tibia (Attch.TI) can only change in one axis, 

therefore it will remain static when contrasting the opposing 

attachment. The four proposal points named according to the 

bar which it is attached, the points are estimations, therefore 

subject to change. Link A(LA); Link B(LB); Top C(TC); Top D(TD). 

Fig. 8: Moments through Link and Cap 

Moment resulting from second derivative of the position 

calculations times the respective moments of inertia of 

each body. The resultant is the torque necessary to 

accelerate the links, however it does not illustrate the 

the torque required to arrest the system. 
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Fig. 10: LIMBS IM Knee and Mathetmatical Model Fig. 11: Stroke during flexion and gait 

 

 

 

 

 

 

 

The position of all points is tracked through flexion and gait to solve for the piston position and 

change in length (stroke length).  

 

cm 

Fig. 12: Piston length at gait. 
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