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NASA Missions

Aeronautics Exploration 
Systems

Space 
Technology
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Polymer Materials Across NASA Missions 

Ø Aeronautics
Ø Environmentally Responsible Aviation (ERA)
Ø Hi-Rate Composite Aircraft Manufacturing

Ø Space Technology for Exploration Systems
Ø Lightweight Structures
Ø Multifunctional Materials
Ø In-Situ Resource Utilization
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Use-Inspired Technology Development

Ø Use-driven fundamental research

Ø Considers systems level benefits

Ø From lab to demonstration
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* Stokes, D. L., Pasteur's Quadrant:  Basic Science and Technological Innovation, Washington, D. C.: Brookings Institution Press, 1997.
Photos are in the public domain.
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Use-Inspired Basic 
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Pure Applied Research
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Laminar Flow
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Conventional Flow Wing

Laminar Flow Wing

Transition Point – Laminar
to Turbulent Flow

Transition Point – 
Laminar to 
Turbulent Flow

Image Credits: NASA



Kirchner, M.E. NASA CP-2487, 1987, Part 1, pp. 24-44. 

Motivation for Laminar Flow Control
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Subsonic Transport Fuel Saving

Boeing Studies
Other Studies
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Objective

Bragg, M.G. and Maresh, J.L. AIAA Paper no. 84-2170, 1984. 
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To design an engineered surface that prevents insect residue 
adhesion under take-off and landing conditions.
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Influence of Surface Characteristics on Insect Residue Adhesion

Surface Contact Angle Residue Area

Aluminum 
Control

Hydrophobic 
Coating

Laser 
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Ground Testing

Eiss, N. S., Wightman, J. P., Gilliam, D. R., and Siochi, E. J., NASA CR176231, 1986, pp. 59, 61.
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Coating technology fits within ERA’s goals of 8% drag reduction for airframe technology

Technology Maturation Roadmap for Coatings

Benchtop Engineered Surface Screening
Tests, September 2011

Pneumatic Insect Delivery Test 
at Basic Aerothermodynamic 
Research Tunnel, July 2012

Falcon Flight Test
LaRC, August 2013

757 ecoDemonstrator
Flight Test – Shreveport,
LA, May 2015TR
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Summary of Test Results
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Lab Wind Tunnel
BART
Flight Test

A) NyeBar® Type L
B) Experimental Blend 1
C) Experimental Blend 2
D) Experimental Blend 3
E) Experimental Blend 4
F) Experimental Blend 5
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Polymer Materials Across NASA Missions 

Ø Aeronautics
Ø Environmentally Responsible Aviation
Ø Hi-Rate Composite Aircraft Manufacturing

Ø Space Technology for Exploration Systems
Ø Lightweight Structures
Ø Multifunctional Materials
Ø In-Situ Resource Utilization
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Hi-Rate Composite Aircraft Manufacturing

Ø Market Outlook for Single Aisle Aircraft
Ø More than 40,000 deliveries by 2040
Ø Historic aircraft production rates per month

Ø Metallic:  60
Ø Composite: 10-14

Ø Target production rate of 80 per month
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Objective: 4x to 6x increase in composite aircraft production rate 

Image Credit: NASA



Rapid Curing Infusion Resins
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Polymer Materials Across NASA Missions 

Ø Aeronautics
Ø Environmentally Responsible Aviation
Ø Hi-Rate Composite Aircraft Manufacturing

Ø Space Technology for Exploration Systems
Ø Lightweight Structures
Ø Multifunctional Materials
Ø In-Situ Resource Utilization
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Motivation

Mass Ratio* Cost per pound*

Low Earth Orbit 20 $4,000

Earth to Moon 200 $40,000

To Moon, Return to Earth 500 $100,000

Earth to Mars 500 $100,000

To Mars, Return to Earth 5000 $1,000,000

*Gordon, G. D., AIAA SPACE 2007, paper 6278.

Summary of the Problem

Ø Cost increases in proportion to the mass ratio.
Ø Mass ratio increases linearly with the dry mass and exponentially with ∆u.
Ø Reducing structural mass reduces mission cost at constant payload or increases mission 

capability at constant cost. 

16



Outcomes
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Setting Goals Using Systems Analysis

Ø A 2x to 3x improvement in specific mechanical properties will permit substantial mass reduction in 
structural and non-structural components.
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Effect of Structural Mass Reduction
Applied to Tension Driven Components
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McMillan, M., White Paper, March, 2013. 18



State-of-the-Art Lightweight Structural Material
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Image Credit: NASA

6 ft x 10 ft PETI-5/IM7 Skin Stringer Panel from High-Speed Research (HSR) Program



Use-Driven Technology Maturation
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High Strength 
CNT Yarns
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Commercial 
CNT Sheets

Early CNT 
Powders Technology Maturation
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Resin

Multiscale Hierarchical CNT Composite Fabrication

Randomly 
Aligned CNT

CNT Composite 
Fiber
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CNT Composite 
Fiber/Brick and Mortar 
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Transverse Tensile Test Results

Kim, J-W., et al., Composites Part A, 167, 107449, 2023.
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CNT Composite DCB Samples

Fracture Toughness Data

CNT Composite Fracture Toughness

Based on ASTM D5528
Double Cantilever Beam (DCB) Test
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GCD FY20 Annual Review

SBIR/STTR
• Nanocomp
• Cornerstone Research Group
• Minnesota Wire & Cable
• Applied Composites

NASA 
Centers
• LaRC

Public/Private 
Partnerships

• Northrup Grumman
• University of Dayton 

Research Institute/State 
of Ohio

OGA Leveraging
• AFOSR
• AFRL – ManTech 

Program
• DoD
• DoE - ARPA-E
• DoE – Idaho National 

Lab
• DoE – Oak Ridge 

National Lab

• Michigan Tech
• U of Utah
• U of Colorado
• Johns Hopkins 
• U of Minnesota
• Columbia University
• Nanocomp
• Northrop Grumman

• Florida State U
• MIT
• VCU
• Ga Tech
• Penn State U
• FL A&M U
• Solvay
• Textum

STRISmall 
Business

• Textum, Inc.

Incentivize multidisciplinary partnerships to accelerate maturation of an emerging material ecosystem.
23

Systems Defined Goal Provides Common Objective
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Polymer Materials Across NASA Missions 

Ø Aeronautics
Ø Environmentally Responsible Aviation
Ø Hi-Rate Composite Aircraft Manufacturing

Ø Space Technology for Exploration Systems
Ø Lightweight Structures
Ø Multifunctional Materials
Ø In-Situ Resource Utilization
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Multidisciplinary Teaming to Accelerate Technology Maturation

257/24/24

Atomistic 
Modeling Systems Analysis 

Chemistry
Materials 

Characterization
Sensor Fab and 

Characterization
Composite 
Processing

3d Printing

Net Shape Fab of 
Nanostructured 

Multifunctional Component

Mechanics of 
Materials 
Modeling

Process Modeling

8/29/2016
7

Opportunities
Human Mars Mission

SLS Gross Mass ~1000t

Human Mars Design Reference Architecture 
(5.0) NASA-SP-2009-566
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3.2.3"Heaviside"Projection"Method"for"integrating"manufacturing"and"topology"optimization"
The! lack! of! integration! between! design! and! manufacturing!
motivated! the! PI! Guest! and! collaborators! to! develop! the!
Heaviside!Projection!Method! (HPM)! for! topology! optimization!
(Guest! et! al.! 2004).! ! HPM!mimics!manufacturing! processes! by!
adding!(or!removing)!material!into!the!domain!at!the!shape!and!
resolution! of! the! manufacturing! tool.! A! standard! 3D! printing!
process,! for! example,!may! deposit!material! in! a! circular! shape!
with!a!radius!defined!by!the!printer!resolution.!The!end!effect!is!
illustrated!in!Figure!5!on!a!benchmark!maximum!stiffness!beam!
problem!where! the!printer! resolution! is! indicated! at! the! left! of!
the! figure.! Coarsening! the! process! resolution! increases! the!
minimum!length!scale!of!structural!members,!and!consequently!
reduces! topological! complexity.! Note! that! these! topologies! all!
use! the! same! finite! element! mesh,! and! thus! it! is! HPM! that! is!
responsible! for! achieving! feature! size! length! scale! control.! ! Of!
course,! the! cost! of! requiring! reduced! complexity! is! reduced!

structural!efficiency.!!!

As! in! traditional! topology! optimization,! HPM! expresses!
topology! through!a! finite! element!mesh!variable!ρ e,!where! (for!
example)!ρe!=!1!indicates!the!element!e!contains!material!and!ρe!=!
0! indicates! it! contains! a! hole.! The! key! difference! is! that! HPM!
uses! an! auxiliary! independent! design! variable! field! φ ! that!is!
projected,!or!mapped,!onto!the!finite!element!space!to!determine!
topology!ρ e! (Figure! 6).!The! spatial! and!mathematical!details! of!
this!projection!are!dictated!by!the!manufacturing!process.!!!

In!a!radial!deposition!process,!as!described!above,!the!substrate!
is! “void”! and! material! is! “deposited”! when! a! design! variable!
achieves!a!magnitude!φn!>!0.!Specifically,!this!means!material!is!
placed! into! the! domain! in! a! circular! shape,! centered! about! the!
location!of!φn,!at!the!radial!length!scale!rmin!of!the!deposition!tool!
(Figure!7,!Guest!et!al.!2004).!Circular!deposits!from!other!design!variables!
may! then! overlap! to! create! complex! topologies! ρ e! (Figure! 4,! 5).! ! It! can!
therefore! be! said! that! the! non7zero! φn! indicate! the! position! of! the!
manufacturing!tool!when!manufacturing!actions!should!occur.!

The!circular!shape!in!Figure!7!is!referred!to!as!the!local!projection!domain!
Ωe

L,! and! indicates! all! elements! that! a! design! variable! influences.! The!

“inverse”! of! these! domains! are! referred! to! as"neighborhood! sets!Ne! and!
indicate! all! design! variables! influencing! an! element! e! (that! are! within! a!
distance!rmin!of!element!e).""The!relation!of!φ #to#ρ e#is!then!given!as:!

!!

where!β" is! a! regularization!parameter! that! is! selected!as! a! large!number! to! approximate! the!Heaviside!
function! and! enable! binary! solutions!when!used!with! SIMP! (Guest! et! al.! 2011),! and!wne! is! a!weighting!

ρ e =1 −  e−β  µe (φ )  +  µ e(φ) e−β   ;  µ e = φnwne
n∈Ne
∑ wne

n∈Ne
∑

 
Figure# 6.! HPM! concept:! Independent!
design! variables! are! separated! from! the!
physical! domain! and! are! projected! onto!
this!domain!in!the!shape!and!at!the!length!
scale!resolution!of!the!manufacturing!tool.!

!!! !

!

!

!

!
Figure# 5.! Demonstrating! length! scale!
control! when! maximizing! stiffness.! All!
beams! use! the! same! finite! element! mesh!
but! different! minimum! allowable! length!
scales,!shown!by!the!circles.!
!!

!
Figure# 7.! Local! projection!
domain! of! design! variable! n.!
This!material! feature! is!created!
when!(φn!>!0).!!

Topological 
Optimization
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Figure 4: A slip of paper 
inserted between two of layers, 
designed to emulate an 
adhesion failure. 

Figure 5: The first attempted 
print surface. Figure 6: The second attempt; 

PLA plastic on a blue painter’s 
tape-covered load plate. 

Figure 7: The final, successful 
print surface; the stock heated 
bed placed directly on the load 
cell. 

Figure 8: The experimental 
setup of the adhesion test. 

Figure 9: The experimental 
setup of the thermometer test. 

Figure 10: Experimental setup 
with infrared camera Figure 11: Data correlation 

with IR camera Figure 12: Finalized sensor 
placement 



Prototyping for Accelerated Technology Development
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Polymer Materials Across NASA Missions 

Ø Aeronautics
Ø Environmentally Responsible Aviation
Ø Hi-Rate Composite Aircraft Manufacturing

Ø Space Technology for Exploration Systems
Ø Lightweight Structures
Ø Multifunctional Materials
Ø In-Situ Resource Utilization
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Thank You

In-Situ Resource Utilization

Image Credit:  NASA 28
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