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The Problem

Ø Typical materials development tends to take decades. 
§ Conventional approach is not guided by application pull early in the development.
§ Materials maturation elements such as research and development, scale-up and designing for application occur serially, 

and largely by trial and error.
Ø In order to accelerate materials development:

§ Recognize that the aerospace materials ecosystem has to be engaged early.
§ Leverage resources to develop technologies with broad impact.
§ Computationally guided materials maturation to address relevant materials issues tied to application requirements.
§ Focus efforts targeted to solving manufacturing and design issues to accelerate technology maturation and insertion.
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Carbon Nanotube (CNT) Gartner Hype Cycle
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Challenges/Barriers to Coupling Modeling with 
Experimentation

Ø Modeling – presumes understanding of the physics.
• Takes a long time to lay foundations.
• Inclined towards modeling of simpler model systems.
• Verification/validation requires experimental capabilities that are not always available at 

the scale being modeled.
• Macroscale properties require multiscale modeling.

Ø Multiscale requires collaboration among many scientists towards common 
technical objective.

Ø Experimentalists rely on experience-based trial and error.
Ø Considering complexity of experiments, and how long it takes to develop 

models, judicious decisions about what to model need to be made.  
• Requires clear definition of questions that need to be addressed.
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Examples of Computationally Guided Materials 
Development

Ø Carbon Nanotube Composite Development
Ø Carbon Nanotube Manufacturing
Ø 3D Printing
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Systems Analysis

• A 2-3x improvement in specific mechanical properties will permit substantial 
mass reduction in structural and non-structural components.

• Mass savings are potentially large enough to change design concepts. 6
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ReaxFF
14x 3.2 nm diameter CNTs
~150,000 atoms
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Molecular Simulation of Carbon Nanotube 
Composites

CNT/matrix interface structure
Benjamin D. Jensen, Kristopher E. Wise, Gregory M. Odegard, Model. Simul. Mater. Sci. Eng., 2016, 24(2) 025012.
Benjamin D. Jensen., Gregory M. Odegard., Jae-Woo Kim., Godfrey Sauti., Emilie J. Siochi., Kristopher E. Wise., Compos. Sci. Technol. 2018, 166, 10–19.
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Rapid Prototyping of CNT Composite Fabrication

Aluminum Ring
CNT Composite Overwrapped 

Pressure Vessel

Tabletop Filament Winder for Rapid 
Prototyping of Composite Processing
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Computationally Guided Use Driven Materials 
Research

10https://www.nasa.gov/feature/nanotechnology-flight-test-material-impact-on-the-future
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High Strength CNT Structures via Covalent Bonds
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12Collaboration with Haydn Wadley, University of Virginia



Representative Simulation
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High Strain Testing

Coin cells with CNT in 
4” Tall Test Cylinders

Explosive Charge 
Assembly

Coin Cell Embedded in 
Steel Plate
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14Collaboration with Keith Williams and Pat Gallagher, NewtecCollaboration with Keith Williams and Pat Gallagher, Newtec Services Group, Inc.



Timing Check Signal Trace

15Collaboration with Keith Williams and Pat Gallagher, Newtec Services Group, Inc.

Data Acquisition for High Strain Testing



Mechanical Response of Processed CNT Sheets

16

Sp
ec

ifi
c 

St
re

ng
th

[G
Pa

/(g
/c

m
3 )

]
Sp

ec
ifi

c 
St

re
ng

th
[G

Pa
/(g

/c
m

3 )
]

Sp
ec

ifi
c 

St
iff

ne
ss

[G
Pa

/(g
/c

m
3 )

]

Pre-Strain

Sp
ec

ifi
c 

St
re

ss
 [G

Pa
/(g

/c
m

3 )
]

Strain (cm/cm)



Examples of Computationally Guided Materials 
Development

Ø Carbon Nanotube Composite Development
Ø Carbon Nanotube Manufacturing
Ø 3D Printing
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Molecular Dynamics Simulations of CNTs

Collaboration with Richard Liang (FSU) and Matt Barry (Ga Tech)

Modeling the flattening process for much larger systems with experimental diameter distribution

10-11 nm
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8-9 nm
7-8 nm
6-7 nm
5-6 nm
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Examples of Computationally Guided Materials 
Development

Ø Carbon Nanotube Composite Development
Ø Carbon Nanotube Manufacturing
Ø 3D Printing

19



3D Printing for Aerospace Applications
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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 



Process Modeling of 3D Printing Process

21Eric L. Gilmer, Craig Mansfield, John M. Gardner, Emilie J. Siochi, Donald G. Baird, Michael J. Bortner, “Characterization and Analysis of Polyetherimide:  Realizing Practical challenges of 
Modeling the Extrusion-Based Additive Manufacturing Process,” in Polymer Based Additive Manufacturing:  Recent Developments, ACS Books, 2019.



Machine Learning Steps

Error Identification & Classification

Error Prediction
(Parameter Selection)

Parameter Smoothing
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Sorting by Error Types

Blob

Warp

Delm.

None

John M. Gardner, Kevin A. Hunt, Austin B. Ebel, Evan S. Rose, Sean C. Zylich, Benjamin D. Jensen, Kristopher E. Wise, Emilie J. Siochi, Godfrey Sauti, “Machines as Craftsmen:  Localized 
Parameter Setting Optimization for Fused Filament Fabrication 3D Printing,” Advanced Materials Technology, 2019 1800653.
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The “Best” Parameter Picks

Segment
n n+1 n+2 n+3 n+4 n+5 n+…

{Pn}

P
aram

eter distance

Probability of “none” error

Low High

{Pn} = {Temp, Speed, Extrusion multiplier, Fan speed}

John M. Gardner, Kevin A. Hunt, Austin B. Ebel, Evan S. Rose, Sean C. Zylich, Benjamin D. Jensen, Kristopher E. Wise, Emilie J. Siochi, Godfrey Sauti, “Machines as Craftsmen:  Localized 
Parameter Setting Optimization for Fused Filament Fabrication 3D Printing,” Advanced Materials Technology, 2019 1800653.
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Extrusion multiplierPrint speed

Fan speed

Optimizing for Best Quality

John M. Gardner, Kevin A. Hunt, Austin B. Ebel, Evan S. Rose, Sean C. Zylich, Benjamin D. Jensen, Kristopher E. Wise, Emilie J. Siochi, Godfrey Sauti, “Machines as Craftsmen:  Localized 
Parameter Setting Optimization for Fused Filament Fabrication 3D Printing,” Advanced Materials Technology, 2019 1800653.
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Summary

Ø Systems analysis can provide concrete goals for fundamental 
research.

Ø Iterative coupling of modeling with experimentation can advance 
both modeling tools and experimental approaches to accelerate 
materials development.

Ø Rapid prototyping is an effective tool for exposing necessary areas 
of research to advance emerging materials towards insertion in 
applications.

Ø Use inspired materials development requires engagement of the 
materials ecosystem to guide research paths for fastest payoff.
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Thank You


