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About the Cover

The four lines of photographs on the cover represent four reports fea-
tured in the annual summary this year.

Line 1: Possibly the Wright brothers envisioned remotely controlled
aircraft and would have enjoyed watching students outfitting UAVs
with instruments (see page 127).

Line 2: It may well have occurred to Chandrasekhara Raman that his
work on scattering of light from molecules could be used to diagnose
the properties of particles suspended in air (see page 91 ).

Line 3: Dust is everywhere, and differs from place to place. Martian

dust can tell much about the history of Mars, but the characterization

of the dust will require specialized tools such as the robotic instrument
whose development is depicted here (see page 3).

Line 4: A young Albert Einstein’s insight into space and time led to

the expectation of gravitational waves from such sources as distant,

colliding black holes. Detecting them with the LISA constellation of
satellites will require acceleration noise testing with exquisite
torsion pendulum fibers like the one shown here (see page 49).
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PREFACE

Director’s Discretionary Funds (DDF) are used at Goddard to encourage potentially important
exploratory research projects. The emphasis is on a high degree of innovation, high payoff to
Goddard and NASA if successful, and higher than usual technical risk. About 10% of the funds
are used for innovative education projects. We began including Education some time ago, but
now that it is a NASA Enterprise its inclusion is especially important.

Projects are recommended to me by the Goddard Senior Fellows, about two dozen of our best
minds in science and engineering. Fewer than one out of three proposals are recommended.
Many more are worthwhile, but increasingly, in recent decades, the science we are ready and
eager to do is increasing much faster than funds to do it.

The individual project reports are collected in four sections: Engineering, Space Science, Earth
Science, and Education. Each follows the format mandated in recent years with one addition--
that of a “Key Points Summary” which lists innovative features, payoff to Goddard and NASA,
criteria for project success, and risk factors. We asked the Senior Fellows and Bob Gabrys, the
Goddard Education Officer, for advice on examples of the best proposals in each section. Each
of the four sections begins with one such example. For all reports, we have tried to ensure that
the opening paragraph of Purpose of Investigation as well as Key Points Summary can be read
and enjoyed by those not necessarily familiar with the type of work reported.

The examples introducing the four sections are:

* Engineering. This project developed equipment and techniques for robotic Mars
exploration around the end of the decade to collect and to characterize dust on Mars. Since
there is minimal or no weather on Mars, its dust can reveal important information on the Mar-
tian geologic processes that produced the dust over the last few billion years. We have learned
a lot about Martian dust from scattering and absorption of light from stars as Mars is just start-
ing to pass between us and the star, as well as from the probes that have orbited, and landed on,
Mars. With the results of this project, we will be able to study the dust up close and personal.
[Development of a Martian Dust Characterization Instrument)

*Space Science. The three satellite Laser Interferometric Space Antenna (LISA) ob-
servatory will detect gravitational waves by tracking changes in distance among “proof masses”
floating inside each satellite. An essential feature of the mission is a feedback control system to
keep each satellite (buffeted by small, random forces) from disturbing its contained proof mass;
the requirement is to keep the proof mass from accelerating more than a tenth of a trillionth of a
centimeter per second per second over a thousand second period. This feedback system will be
tested with a space test mission before LISA is launched in the next decade. The DDF project
is to enable testing of the feedback system on the ground before the test mission. The testing
will be done with a torsion pendulum, a device extremely sensitive to external forces. The DDF
project investigates an innovation to current torsion pendulum designs, which could result in a
factor of 100 higher sensitivity. This would allow ground testing of the satellite control system
at the full LISA requirements before the space missions. [Development of Fused Silica Fibers
for use in LISA Torsion Pendulum Apparatus]
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*Earth Science. Aerosols (particles suspended in the atmosphere) are transformed
into cloud droplets by processes not yet well understood. A new technique is showing the feasi-
bility of using “multi-wavelength Raman Lidar” (a laser beam of one wavelength goes out and
several wavelengths are returned) to measure properties of the aerosols and those of the clouds
simultaneously. This technique should permit studying directly, rather than inferring indirectly,
transformation of an aerosol into a cloud droplet. [New Lidar Technique for Measuring the
Direct and Indirect Effects of Aerosols]

*Education. A model UAV (Unpiloted Air Vehicle) program and UAV/Satellite Re-
mote Sensing curriculum module demonstrates how students, teachers, scientists and model
airplane clubs can partner to put Earth Science sensors in small, remotely-piloted aircraft to
collect instructive NASA Earth Science data. This should, for the students, add excitement to
learning how to collect and analyze data while, for club members, add public service to enjoy-
ing model airplanes. It takes science out of the textbook and into the field. [A Model Plan to
Share UAV Technologies with Educational Communities]

I think the reader will find these, and others in this volume, to be high-payoff, exciting, innova-
tive projects.

Finally, I want to thank the Goddard Senior Fellows for selecting recommended projects and
helping evaluate the reports; Code 660’s Christopher Wanjek, Pat Tyler, and Irene Stone for
editing and layout; Chris Gunn for the cover; and all the DDF recipients for good ideas and
hard work.

A. V. Diaz
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Development of a Martian Dust Characterization Instrument

Principal Investigator: Brent J. Bos (Code 551)

Co-Investigators: Peter H. Smith (University of Arizona), Nilton Renno (University of Michigan), Robert

Zubrin (International Mars Society)
Initiation Year: 2003

FY 2003 Authorized Funding: $13,000

Actual or Expected Expenditure of FY 2003 Funding: $13,000 for microscope optics and off-the-shelf

detectors

Status of Investigation at End of FY 2003: To be continued in FY 2004 with funds remaining from FY

2003

Expected Completion Date: August 31, 2004

Purpose of Investigation:

This research will enable dust sampling on Mars by bring-
ing the current Martian dust characterization instrument
development to a Technology Readiness Level (TRL) 3, a
proof of concept stage, the third of nine levels. Martian dust
samples provide information about the Martian atmosphere,
including how hot the planet can get and how carbon diox-
ide “ice” gets deposited at the polar regions by dust. We
are testing the current laboratory approach of imaging dust
particles with a high-resolution video microscope, at about
1-micron resolution, by bringing the instruments to the field
-- that is, to two deserts in the United States with dusty con-
ditions similar to those of Mars. We aim to test and develop
advanced dust-image-processing algorithms using our field
data. We also aim to provide important dust characteristics
data for Goddard’s ground-based and Mars-based analog
dust research projects in Code 695. With this, we plan to
develop field-tested instrument-design guidelines for future
robotic Mars missions planned for 2007 and 2009. Also, we
are studying how the adhesion properties of dust collectors
affect the dust size distribution measured.

Accomplishments to Date:

Due to the late initiation of DDF funding and the purchasing
blackout period at Goddard, this project is approximately
six months behind schedule. The majority of the remaining
work is in the field data reduction and analysis. A portable,

digital-imaging, dust microscopy system was designed and
assembled from commercially available modular compo-
nents. Its primary purpose is to facilitate measuring the size
and shapes of particles about 2 microns and larger, and to
generate dust size statistics.

Mars analogue fieldwork was conducted at two locations,
both U.S. deserts: near Hanksville, Utah, at the Internation-
al Mars Society’s Mars Desert Research Station, or MDRS;
and near Eloy, Arizona, at the University of Arizona Lunar
and Planetary Laboratory. The MDRS in Utah was used as
an initial test bed to work out instrument and software bugs
before dust devil research in Arizona. Dust traps, consisting
of glass microscope slides and wind barriers, were deposited
at various locations around the MDRS for varying durations.
Samples were then gathered and imaged to generate ambient
dust fall data and to evaluate instrument design.

Initially, dark-field illumination (image bright against dark
background) was intended to generate high-contrast dust im-
ages, but during the course of the MDRS fieldwork we found
bright-field illumination to be significantly superior. Bright,
specular reflections off dust particles and the lack of dust
edge contrast were the two primary disadvantages of dark-
field illumination -- that is, beside the inherent inefficiency
of this illumination geometry. Figure 1 is an example of a
bright-field illumination dust image with a human hair in-
cluded for scale.
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Ambient Dust Fall

Figure 1. Microscope bright-field illumination image of dust
particles with a human hair included for scale.

Scientifically, the Arizona fieldwork was of most interest.
The goal was to measure naturally occurring terrestrial dust
devils to prepare for studying significantly larger, phenom-
ena on Mars. Peter Smith of the University of Arizona and
Bill Farrell of Goddard initiated this field campaign in 2001
under the Matador moniker. It was the subject of a Discover
magazine article in July 2003. Our dust traps were carried
by the dust devil chase vehicle for direct sampling of dust
devil material. From approximately 10:00 am to 2:00 pm lo-
cal time, almost constant dust devil activity was observed at
the Arizona field site from June 2-4, 2003. Some dust devils
were short-lived while others lasted for several minutes. We
obtained dust samples from five dust devils. Figure 2 shows
the large dust devil intercepted on June 3 in infancy on the
right and at full strength on the left.

Figure 2. Large dust devil intercepted on June 3, 2003.

The instrument itself was not placed in the path of the dust
devils. Glass microscope slides with various adhesive prop-

erties were mounted on a deployable boom to collect from
within the devils for later imaging. Reduction of the images
into dust size, shape and size distribution data is ongoing
with custom Interactive Data Language (IDL) programs to
generate particle size and shape data. Measurements define
the lengths of the sides of the smallest rectangle that could
be drawn around the 2-dimensional projection of the par-
ticle. Finally, a particle shape factor is calculated by divid-
ing the second length measurement by the first. Examples of
information extracted are shown in Figures 3 and 4.

Dust Devil Sample 1
Maximum Dust Grain Size Histogram

100 aaa o s o L s ool ol s o Lo oo Lo Lol

Sample Area: 0.914 mm?

L Size Range: 0.68 - 31.1 microns

80 L Sample Height: 2.2 m |
406 Particles Detected

Number of Grains

16 48 8

112 144 176 208 24 272 304

Dust Grain Maximum Dimension (microns)
Figure 3. Dust particle maximum size distribution data from the
first dust devil intercepted on June 2, 2003.
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Figure 4. Dust particle shape factor distribution data from the first
dust devil intercepted on June 2, 2003, the figure insert illustrates
the shape factor definition.




Figure 3 is a histogram of dust particle lengths from the first
dust devil. Notice how the particle count in the first non-
zero bin, representing lengths of 0.457-0.914 um, is less
than one would physically expect. This is due to instrument
resolution cut-off of 0.9640 um. Figure 4 is a histogram
of the shape factor measurements for the particles shown in
Figure 3. There are two interesting features. First, the larg-
est bin represents a shape factor of 1.0, which would indicate
that the two-dimensional projection of those particles is rota-
tionally symmetric. But within that bin are 51 particles that
were unresolvable by the instrument, and so the results are
misleading. If those particles are removed, the count for that
bin is reduced to 30. With that effect taken into account, the
peak of the shape factor distribution occurs at values 0.740-
0.817, representing 35% of the sample. This is consistent
with the shape factors for desert sand of 0.75. Second, the
extremely low shape factors measured, below 0.4, are prob-
ably due to biologically created particles and not from the
soil-derived dust of primary interest in this study.

Although and data analysis is ongoing, we have some im-
portant conclusions regarding instruments for dust charac-
terization on Mars landers. To measure ambient dust fall,
an automated device similar in design to the instrument
for this study would be ideal (figure 5). Such an instru-
ment would include a telecentric optical microscope with a
bright field illumination system. A transparent, motorized
turntable would be required to bring dust samples into the
microscope’s field of view after being exposed to the Mar-
tian atmosphere. Our fieldwork stressed the fact that high
image resolution is always advantageous. And so the instru-
ment resolution should be as high as possible for an optical
instrument. With custom optics this would be about 0.5 um,
about twice the resolution of the off-the-shelf assembly built
for this study. Since the instrument design would include a
moveable sample platform, the microscope would not have
to be a zoom system. To sample larger areas than the high-
magnification, instantaneous field of view would allow, the
dust turntable would be rotated to obtain images at different
turntable positions.

Second, an instrument designed for measuring ambient dust
fall is not ideal for measuring dynamic dust particles in a
Martian dust devil. Such an instrument, as described in the
previous paragraph, requires some method of dust trapping
or capture in order to make a measurement. And although
our dust devil data analysis continues, we have observed that
dust trap orientation and adhesion properties greatly affect
the dust distribution measured in the dust vortex. We have
begun exploring possible instrument designs for in-situ mea-
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Figure 5. Diagram of an optimized ambient dust fall characteriza-
tion instrument.

surements of dust particles trapped in dust devils.
Planned Future Work:

Dust data reduction and analysis will continue into mid-
2004. This will include investigating the functional fit that
best represents the data. Results will be submitted for pub-
lication. Our work has generated two new research areas
we will pursue in 2004. The first will be to determine Mar-
tian dust properties from Imager for Mars Pathfinder (IMP)
dust-contaminated images. During the Mars Pathfinder mis-
sion, dust came to rest on the IMP exterior windows. The
particle images are out of focus, but it will be possible to
use image-processing techniques to calculate dust size and
shape. We have submitted a proposal with co-investigator
Nilton Renno of the University of Michigan Space Physics
Research Laboratory in response to a NASA Research An-
nouncement.

The second research area will be to generate and test, in the
field, a design for dynamically measuring dust devil particle
characteristics non-intrusively rather than by trapping. We
know three types of designs for an optical instrument to gen-
erate dust size and distribution data without trapping. All
would observe dust particles as they travel past the instru-
ment without capturing them. Besides dust particle size,
such an instrument would be capable of measuring particle
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velocity as well.
Summary:

The most innovative aspect of this work was actually field-
testing a proposed Martian dust characterization instru-
ment. Testing an instrument in the field -- making the same
types of measurements that we ultimately want to make on
Mars -- is the best method for determining an instrument’s
strengths and weaknesses. The lessons learned ultimately
will produce better instruments for NASA Mars lander mis-
sions, higher-quality data for the scientific community, and
increase Goddard’s standards in this field. We have met our
criteria of success in that we developed a fuller picture of
dust-size distribution in the field during a naturally occurring
dust devil, a miniature whirlwind that whips up dust in the
air. We have also increased interaction with researchers at
the University of Michigan, University of Arizona and the
Mars Society. We are currently in discussion with the Uni-
versity of Arizona to offer support to the 2007 Phoenix Mars
Scout mission.
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Cryogenic High-Accuracy Refraction Measuring System (CHARMS)

Principle Investigator: Bradley Frey (code 551)
Other Investigators: Douglas Leviton (code 551)
Initiation Year: FY 2003

Funding Authorized for FY 2003: $52,000

Actual or Expected Expenditure of FY 2003 Funding: Mechanical spin tables, $10,000; Temperature sensors and
monitor, $6,000; Vacuum and cryogen hardware, $5,000 Minco Heaters and power supplies, $5,000 ; LN2 shrouds,
$4,000; Optics and mounts $4,000; Contractor support, $18,000 (expected)

Status of Investigation at End of FY 2003: To be continued in FY 2004 with funds remaining from FY03, then transi-

tion to funding from JWST/NIRCam

Expected Completion Date: Summer 2004

Purpose of Investigation:

The purpose of this investigation is to construct a facility at
Goddard to measure the index of refraction of a wide variety
of optical materials at their design operating temperatures
and wavelengths. The index of refraction is a property in-
trinsic to a material and describes how much the path of light
passing through that material is bent. Not only is the index of
refraction different from one material to another, but for any
given material it also changes as the temperature and wave-
length (“color” of the light) change. Accurate knowledge of
this change is important when an instrument is designed and
built on the ground, but then expected to operate in space
or at a variety of wavelengths to achieve interesting science
goals.

CHARMS will measure refractive index using the mini-
mum-deviation method and will be capable of performing
these measurements at wavelengths ranging from the infra-
red through the far-ultraviolet and at temperatures from 10K
to 100°C. We anticipate CHARMS will be able to measure
the index of refraction fo an accuracy of five decimal places.
Because of the inherent difficulty (including expense) and
complexity in making these measurements, the refractive
index has not previously been measured to this accuracy;
without CHARMS we could not otherwise meet the require-
ments of many upcoming NASA missions.

The focus of this DDF project is to develop the various ul-
trahigh-accuracy metrology tools that still work well under
extreme temperature conditions necessary to achieve our de-
sired measurement accuracy; to design and fabricate a ther-
mal system capable of cooling our sample material to the

desired cryogenic temperatures; and then to assemble, test,
and characterize the refractometer system as a whole.

Accomplishments to Date:

To measure refractive index we use the method of minimum-
deviation refractometry. This method is extremely chal-
lenging in that it requires very accurate knowledge of two
angles: (1) the deviation angle of the beam passing through
the sample under the condition of minimum deviation, and
(2) the apex angle of our sample prism, both as a function of
temperature. The condition of minimum deviation is estab-
lished when the incident angle of an incoming (incident) ray
is equal to that of the outgoing (deviated) ray; consequently,
inside the prism the ray propagates perpendicular to the bi-
sector of the apex. The difference between the direction of
the undeviated ray and the direction of the deviated ray is the
“deviation angle” through the prism.

Our current opto-mechanical layout is pictured in figure 1.
To measure the deviated and undeviated ray angles, we have
used a rotary version of the Leviton absolute optical encod-
er, which was successfully developed under previous GSFC/
DDF funding. These optical encoders are located on both
the sample prism stage and the rotating fold mirror stage in
figure 1.

Based on the success of the original optical encoders, we
have modified the design for CHARMS to include a 50K
fiber image conduit to allow us to use the encoder in our
cryogenic environment. The cryostatically capable version
of the encoder “read” station and electronics are pictured in
figure 2. These encoders allow us to measure the necessary
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Figure 1: Current layout of CHARMS: (1) source (not shown),
(2) collimating mirror, (3) sample prism and rotary stage, (4)
rotating fold mirror, (5) fixed fold mirror, (6) camera mirror, (7)
focus mirror, (8) detector (not shown).

rotation angles to an absolute accuracy of +0.1 arcseconds.

To measure the apex angle of our sample prism, we have
developed another derivative of the Leviton absolute opti-
cal encoder -- this time a new application of the Cartesian
scale pattern. Building on the already proven technology
in the absolute Cartesian encoder, we have developed an
electronic Cartesian autocollimator (CAC) that allows us to
measure the apex angle of our sample prism, even at cryo-
genic temperatures, to +0.5 arcseconds. An implementation
of the CAC similar to what we will be using in CHARMS is
pictured in figure 3.

(a) (b)

Figure 2: Leviton absolute optical encoders: (2a) Encoder read
head with 50K fiber image conduit. (2b) Encoder electronics
located external to thermal vacuum chamber.

Figure 3: Laboratory setup to measure sample prism apex angle
using (1) short focal length (60mm) CAC, and (2), (3) rotary
implementation of Leviton absolute optical encoders; this setup is
analogous to what will be built into CHARMS.

To verify our measurement capabilities to date, we mea-
sured the index of refraction of a fused silica prism in the
visible with a nominal apex angle of 60° under ambient con-
ditions (1 atm, 25° C) and compared our measured values
with measurements made by I.LH. Malitson in the 1960s at
the National Bureau of Standards (see figure 4). Our over-
all measurement accuracy for this configuration is £1x107
(typical for visible measurements). Typical accuracies will
vary by material and wavelength, but we expect to achieve
results accurate to better than +5x107 in both the infrared
and ultraviolet.

Finally, we have presented and published three CHARMS
related papers over the past year at two different Society
of Photo-optical Instrumentation Engineers (SPIE) confer-
ences. In addition, we have plans to present two additional
CHARMS papers at next year’s SPIE conference.

Planned Future Work:

We plan to continue our current work with our existing fund-
ing as we improve the capabilities of CHARMS. We have
made measurements in the visible at ambient conditions,
and are currently testing the thermal system and preparing
to add our infrared detector to the system. When completed,
CHARMS will be a one-of-a-kind, world-class facility that
will give Goddard the unique capability to make ultrahigh-
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accuracy index of refraction measurements. In FY 2004
we will be supporting (and will be supported by) the James
Webb Space Telescope (JWST) / Near Infrared Camera
(NIRCam) project. The NIRCam instrument is currently an
all-refractive design, and will be the first of many NASA
missions and instruments to benefit tremendously from the
work we have done.

Summary:

Many future NASA instruments are being designed to op-
erate at cryogenic temperatures, yet measurements of the
refractive index of constituent optical materials for these
instruments have not been made to sufficient accuracy. By
implementing several innovative features to improve upon
previous refractometry efforts, CHARMS will allow us to
measure the refractive index of these materials to unprec-
edented (107) accuracy. These innovative features include
ultrahigh-accuracy, absolute, cryogenic metrology and an
instrument design that allows us to perform our measure-
ments at the operational temperature of the optical material
(rather than measuring it at room temperature and extrapo-
lating how we think it will behave at some other, vastly dif-
ferent temperature). Goddard will benefit immediately from
CHARMS through unprecedented knowledge of refractive
index for future optical instrument designs. In addition,
Goddard will possess the only facility in the world (that we
know of) capable of making these measurements for the in-
ternational scientific community.

The criteria for successful completion of CHARMS are: (1)
to measure the refractive index in the infrared of materials
in the current JWST/NIRCam optical design to fifth-deci-
mal accuracy, and (2) to establish a capability at Goddard
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to provide broadband cryogenic through room temperature
refractive index data for future NASA missions. Technical
risk factors that might prevent us from achieving success
lie in (1) the difficulty of developing the absolute cryogenic
metrology to sufficient accuracy and (2) the development of
thermal design that provides sufficient sample temperature
knowledge and control.
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Oriented Nanocomposite Extrusion

Principal Investigator: Dan Powell (code 542.1)

Other Investigators: Carl Stahle (553), Hugh Bruck (UMCP), Sateesh Bajikar (contractor)

Initiation Year: FY 2003

FY 2003 Authorized Funding: $56,500

Actual or Expected Expenditure of FY 2003 Funding: In-house machining, $11,000; retroactive ion etching, $7,500;
RandCastle Extrusion Equipment Inc., $11,000; Umicore Equipment Processing, $2,000; JFC Technologies, $3,500;
University of Kentucky, Center for Applied Energy Research, $3,000; Miscellaneous & Lab Equipment, $2,000; Dr. Hugh

Bruck, University of Maryland at College Park, $22,500

Status at End of FY 2003: To be continued into FY 2004 with additional DDF, $35,000

Expected Completion Date: October 11th, 2004

Purpose of the Investigation:

We are developing a technology to orient the direction of
carbon nanotubes (CNTs) within a variety of substances,
something that has not yet been accomplished in a readily
scalable context. Carbon nanotubes are strong yet flexible
carbon tubes with diameters as small as one nanometer. This
technology could usher in the development of solar sails,
morphable aero-elastic surfaces and structures, and ultra-
low-weight heat shields, to name but a few. The improve-
ments of oriented CNT composites over current (randomly
aligned) material capabilities are dramatic. CNTs have an
axial modulus (referring to strengths in the longitudinal di-
rection of the fibers) greater than one Tera-Pascal, allowing
their composites to be potentially stronger than steel in ten-
sion yet flexible with near-infinite life. CNTs axially conduct
heat at greater than 3,000 watts per milli-Kelvin and conduct
electricity six orders of magnitude better than copper, allow-
ing their composites to de-localize any concentrated heat
source and behave as ballistic electrical conductors. Such
properties are enhanced when the nanotubes are aligned in
their substrate and aimed in one direction like lane dividers
on a highway instead of at random angles.

Recent progress on the characterization and preparation of
CNTs has enabled the development of oriented CNT com-
posites for a variety of NASA missions, such as the Webb
Space Telescope gossamer sunshield. Not only coulda CNT
film rapidly redistribute the heat load to a relatively even dis-
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tribution across the structure, but it could (1) filter electro-
magnetic, particle, and gamma radiation, (2) have increased
strength to resist puncture, and (3) arrest propagation of any
tear as it develops. Our work addresses the challenge of
extruding oriented CNTs in laminate (layered) fashion and
characterizing the material of the resulting composite. We
use a device shaped somewhat like a harmonica to channel
and orient the nanotubes. We aim to leverage recent advanc-
es presented in the literature on the oriented laminate extru-
sion of carbon nanotubes through such a microchannel mold
in low-viscosity substrates. This will enable us to meet the
challenge of producing thermally stabilized and preferen-
tially mechanically stiffened thin-films capable of selective
electromagnetic interference (EMI) shielding.

Accomplishments to Date:

The stated research objectives and development plan for the
first year of this work were to: develop a new class of multi-
functional composites for use in NASA programs; quantify
best practice manufacturing techniques and material char-
acteristics for oriented CNT composites comprised of vari-
ous substrates; identify capability requirements for tailoring
composite properties for mission-specific application; and
identify technology requirements for manufacturing scale-
up and industry transfer. Our research development plan was
to: design, and fabricate standard-interface microchannel ex-
trusion head capable of depositing a 40- to 100nm-thick, ori-
ented CNT monolayer using low-viscosity substrates docu-




mented in literature; build a 17 x 17 directional multi-layer
composite by incrementing the CNT monolayer extrusion
direction; quantify the composite’s structural composition,
thermal conductivity, directional mechanical stiffness, and
RF Compatibility; optimize and document the best-practice
multi-layer extrusion process for each substrate; and iterate
though substrates of interest, in order of increasing viscosity,
leveraging the knowledge gained.

Most of these objectives were not met in FY 2003, and prog-
ress in pursuing the development plan was limited in large
part by a number of one-time events and conditions. As has
been widely reported by other investigators, delay in the re-
ceipt of DDF funds pushed back the start of FY 2003 DDF
investigations by nearly five months. Additional delays were
imparted by the nearly simultaneous receipt of funds and
financial freeze, which delayed acquisition of key supplies
and extrusion equipment by another significant period. De-
lays in the execution of purchase requests also impacted crit-
ical path acquisitions and continue to be an issue in light of
the accounting backlog. Graduate student support was also
tragically setback by the death of the UMCP doctoral student
supporting this work halfway through the investigation.

In spite of these unusual and crippling delays, significant
progress has been made; and seamless integration of what
we call phase-one accomplishments into phase-two objec-
tives should still be attainable in a timely fashion. Phase one
is the oriented extrusion of CNTs and CNT ropes in viscous
substrates (polyimide, polyanaline, carbon pitch, polyester
film, etc). And phase two is the covalent cross-linking of
CNTs with substrates. (Phase three is manufacturing scale-
up for industry adoption.)

The initial investigation was broken into four distinct but
complimentary tasks: rheometric measurements of MCNT-
loaded polymers at temperatures near their processing tem-
perature; computational fluid dynamics (CFD) to size the
initial microchannel cross-section; guide design of the mi-
crochannel extrusion die; and the design and fabrication of
the extrusion die and die-housing. Rheometric measurement
of 3-5 MWNT-loaded polymer samples was conducted re-
sulting in identification of a variety of polymer substrates,
which may be appropriately employed in this investigation.
Microchannel cross-sections and aspect ratios were also sig-
nificantly altered from those initially proposed based upon
rheometric investigation of MWNT-loaded polymers with-
in the 0-3wt% range. Identification of both a novel shear-
thickening phenomena and accelerating exponential viscos-
ity curve resulted from rheometry study of polymers loaded
with MWNTs in the 1-3wt% range.
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Extensive Navier-Stokes CFD was conducted to solidify par-
ity of actual MWNT-loaded polymer viscosity while qualify-
ing conceptual die designs. Knudsen number analyses were
conducted for each candidate polymer to verify the appropri-
ateness of the no-slip assumption in the Navier-Stokes devel-
opment. A three-dimensional Lattice-Boltzmann one-phase
MATLab code was developed and successfully qualified for
channel cross-sections and melt viscosities of indicated by
the Navier-Stokes CFD discussed above as a precursor to
a two-phase code developed to study in situ alignment of
MWNTs flowing though channels of varying dimensions.
This investigation’s substrate viscosity tolerance, MWNT-
loading range, and extrusion die metrics were successfully
bounded through closed-form Navier-Stokes analysis, and
verified through Navier-Stokes and Lattice-Boltzmann FEA
simulation.

Design for fabrication of a flexible and scalable microchannel
extrusion has been completed and accepted by Code 553.0
for fabrication. Design of the microchannel die housing and
twin-screw extruder (TSE) interface is nearly completed but
was delayed by priority flight-failure investigation work,
which was not anticipated. Fabrication of the microchannel
extrusion die was delayed until November 1, 2003 due to
personnel shortages and lack of facility availability within
Code 553.0. Although significant progress was made, as
previously mentioned, design of the die housing was also
delayed due to a priority flight-failure investigation within
Code 543.0. Patent disclosures were filed related to this
work and full patent applications are expected to be submit-
ted in the third quarter of FY 2004. In addition, four journal
articles are under draft related to several novel aspects of this
work. Other journal submissions are expected to be forth-
coming through FY 2004. Additionally, the initial findings
stemming from this work were presented at the NASA Tech
Briefs Conference in Boston in October 2003.

Planned Future Work:

Pursuant to completion of phase 1 of this investigation and
in preparation to undertake phase 2, the FY 2004 develop-
ment objectives and research plan are as follows: We will
continue development of a new class of multifunctional
composites for use in NASA programs; continue to docu-
ment best practice manufacturing techniques and material
characteristics for oriented CNT composites comprised of
various substrates; identify capability requirements for tai-
loring composite properties for mission-specific application;
and identify technology requirements for manufacturing
scale-up and industry transfer. Our research development
plan, delineated in the previous section, has been slightly
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modified. One change is that we will fabricate a standard-in-
terface microchannel extrusion head capable of depositing a
700- to 1000-nm-thick oriented CNT monolayer using low-
viscosity substrates documented in literature.

Summary:

The concept of microchannel extrusion of nanotubes itself
is novel, as is using the boundary-layer flow properties real-
ized at these scales to preferentially orient nanostructures in
situ. If realized, this flexible, high-strength, thermally and
electrically conductive, thin-film nanocomposite -- produced
via a readily scalable and unprecedented twin-screw extru-
sion process -- will make practical the development of so-
lar-sails, morphable aeroelastic surfaces and structures, ultra
low-mass heat shields, and flexible low-mass multi-agent ra-
diation shields, among other developments of interest. This
will likely replace a significant portion of the $14 billion
graphite epoxy industry overnight. Moreover this is a plat-
form technology upon which others can build, and the ap-
plication potential really cannot be estimated. The five-year
goal of this investigation remains the transfer to industry of
a scalable process appropriate to replace graphite epoxy as a
base product in aerospace and preferentially enhance poly-
mer products globally. The three major challenges to the de-
velopment of oriented CNT composites are (1) the oriented
extrusion of CNTs and CNT ropes in viscous substrates, (2)
covalent cross-linking of CNTs with substrates, and (3) man-
ufacturing scale-up for industry adoption in the near future.
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Large Angle Flexure

Principal Investigator: Claef Hakun (code 544)
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Other Investigators: Ken Blumenstock (544), Jeff Bolognese (543)

Initiation Year: FY 2003

FY 2003 Authorized Funding: $20,000

Actual or Expected Expenditure of FY 2003 Funding: Support hardware, misc. vendors $2,000; and Swales (drafts-

man and fabrication) $18,000

Status at End of FY 2003: To be continued into FY 2004 with remaining PRs funded from FY 2003

Expected Completion Date: April 2004

Purpose of the Investigation:

The goal of this investigation is to develop a large-angle
flexure, or joint, that can be used to support the movement
of telescope parts at cryogenic temperatures, a few degrees
above absolute zero. The large-angle flexure (LAF) provides
precision rotary motion traditionally accomplished with the
use of ball bearings. Many cryogenic mechanism applica-
tions require a high duty cycle -- that is, millions of cycles
per mission lifetime. It is difficult to guarantee robust opera-
tion using ball bearings due to the lack of suitable lubricants
at cryogenic temperature. The use of flexures eliminates the
need for lubrication and allows for infinite life (high duty
cycle applications) at cryogenic temperatures. The LAF
represents an innovative approach to achieving large-angle
flexure-based rotary motion that will have high-transverse
and moment stiffness (allowing for precision motion) and
low-torsional stiffness (or twisting strength, which reduces
heat loss, crucial in a cryogenic environment).

Accomplishments to Date:

Our DDF FYO03 effort succeeded in designing the large-an-
gle flexure geometry. Various configurations were investi-
gated using finite element software.A design was selected
that optimized radial stiffness versus torsional stiffness. In
addition, we designed a rotary actuator, which will be used
to drive and characterize the flexure. The final design of
the prototype unit is currently being detailed. The resulting
drawings will then be fabricated.

Planned Future Work:

The prototype unit (Figure 1) will be fabricated, assembled
and characterized. The torsional, radial and axial stiffnesses
will be quantified and compared to analytical results. The
resulting database will allow a streamlined design process
for development of flight-unit LAF bearings as required on
future missions.

Rotating Shaft

Flexures

Motor

P

Figure 1. Large-angle flexure cross-section

Non-Rotating
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Summary:

The successful completion of this project will result in an
innovative rotary-motion device capable of moving optical
components to precise positions, less than 5 arcseconds, over
a large angular range at cryogenic temperatures, a few de-
grees above absolute zero. Many of NASA’s future projects
require highly reliable precision positioning of optical com-
ponents at cryogenic temperature, and Goddard will benefit
from having this technology in-house. This device will af-
ford engineers a design option to accomplish such motions.
The success of this device is based on requirements that will
be developed for future cryogenic mechanisms. In general,
the device must be capable of precision motion and have
low power