
known and predictable. Control elec-
tronics can also be implemented so that
a closed-loop feedback can be main-
tained. Changing the contents of the
chalcogenide memory cells can compen-

sate for any change in environmental ef-
fects that might cause a change in opti-
cal path. This real-time control provides
significant control and stability in use
conditions. 

This work was done by Karl F. Strauss and
Douglas J. Sheldon of Caltech for NASA’s Jet
Propulsion Laboratory. For more informa-
tion, contact iaoffice@jpl.nasa.gov. NPO-
46891

The objective of this work was to in-
crease the interfacial strength between
aramid fiber and epoxy matrix. This was
achieved by functionalizing the aramid
fiber followed by growth of a layer of
ZnO nanowires on the fiber surface such
that when embedded into the polymer,
the load transfer and bonding area
could be substantially enhanced. The
functionalization procedure developed
here created functional carboxylic acid
surface groups that chemically interact
with the ZnO and thus greatly enhance
the strength of the interface between
the fiber and the ZnO.

The matrix-ZnO interface is en -
hanced through increased surface area
(>1,000 times), mechanical interlock-
ing, and the creation of a functional gra-
dient between the nanowires and ma-
trix, which has been shown to improve
the interface strength of a carbon fiber
composite by well over 100 percent. The
composite compressive strength, shear
strength, shear modulus, interlaminar
shear strength, and interfacial shear
strength should all be enhanced because
the graded interface reduces the stress
concentration at the discrete fiber-to-
matrix boundary. 

The first milestone of the project was
to develop the functionalization proce-
dure to enhance the attachment of the
ZnO nanowires to the aramid fiber.
This was achieved with carboxylic acid
groups that split the peptide bond, cat-
alyzed by a strong base, and created a
carboxylate and a primary amine func-
tional group. Carboxylic acid groups
are specifically chosen because they
often discharge a proton leading to
charge coordination between the nega-
tive oxygen atoms and the positive zinc
ions. Furthermore, the bond angles of
carboxylic acid functional groups are

Zinc Oxide Nanowire Interphase for Enhanced Lightweight
Polymer Fiber Composites 
This technique can be used in applications requiring reduced structural mass, such as in aircraft,
missiles, rockets, and balloons. 
NASA’s Jet Propulsion Laboratory, Pasadena, California

A stochastic optimization methodol-
ogy (SDO) has been developed to de-
sign airframe structural components
made of metallic and composite materi-
als. The design method accommodates
uncertainties in load, strength, and ma-
terial properties that are defined by dis-
tribution functions with mean values
and standard deviations. A response pa-
rameter, like a failure mode, has become
a function of reliability. The primitive
variables like thermomechanical loads,
material properties, and failure theories,
as well as variables like depth of beam or
thickness of a membrane, are consid-
ered random parameters with specified
distribution functions defined by mean
values and standard deviations.

The cumulative distribution concept
is used to estimate the value of the re-
sponse parameter like stress, displace-

ment, and frequency for a specified reli-
ability. This solution for stochastic opti-
mization also yields the design and
weight of a structure as a function of re-
liability. Weight versus reliability is
traced out in an inverted S-shaped
graph. The center of the graph corre-
sponds to 50-percent probability of suc-
cess, or one failure in two samples.

A heavy design with weight approach-
ing infinity could be produced for a near-
zero rate of failure. Likewise, weight can
be reduced to a small value for the most
failure-prone design. Reliability can be
changed for different components of an
airframe structure. For example, the
landing gear of an airliner can be de-
signed for very high reliability, whereas it
can be reduced for a raked wingtip.

The design capability is obtained by
combining three codes: MSC/Nastran

code (the deterministic analysis tool), the
fast probabilistic integration or the FPI
module of the NESSUS software (the prob-
abilistic calculator), and NASA Glenn’s op-
timization testbed CometBoards (the opti-
mizer). For the raked wingtip structure of
the Boeing 767-400ER airliner, the stochas-
tic optimization process redistributed the
strain field and reduced weight by 17 per-
cent over the traditional design. 

This work was done by Shantaram S. Pai
and Rula Coroneos of Glenn Research Center
and Surya N. Patnaik of Ohio Aerospace In-
stitute. Further information is contained in a
TSP (see page 1).

Inquiries concerning rights for the commer-
cial use of this invention should be addressed to
NASA Glenn Research Center, Innovative Part-
nerships Office, Attn: Steve Fedor, Mail Stop
4–8, 21000 Brookpark Road, Cleveland, Ohio
44135. Refer to LEW-18497-1.

Reliability-Based Design Optimization of a Composite 
Airframe Component
This methodology accommodates uncertainties in load, strength, and material properties.
John H. Glenn Research Center, Cleveland, Ohio
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highly compatible with the zinc ion,
making it the ideal functional group for
bonding with zinc. Fourier Transform
Infrared Spectroscopy (FTIR) was used
for analyzing the absorbance frequen-
cies and comparing to previously re-
ported values, reactions, and bond
structures for validation.

Single-fiber mechanical testing help -
ed to determine the fiber tensile
strength of the ZnO nanowire arrays.
The results of the testing showed that

there was no degradation of the fiber
strength in spite of breaking enough sur-
face bonds to create functional groups
onto which to anchor the nanowires. It
is critical that fiber strength is main-
tained during functionalization and
growth, because the composite proper-
ties depend heavily on that fiber
strength. Composite lamina mechanical
testing was also employed. Because ZnO
nanowire arrays have been shown to in-
crease interfacial shear strength at the

single fiber scale, improvements are ex-
pected in several properties at the com-
posite scale. Interlaminar shear
strength, laminar shear strength, and
laminar shear modulus are expected to
increase as a direct result of the func-
tional gradient.

This work was done by Henry A. Sodano
of Arizona State University and Robert Brett
Williams of Raytheon for NASA’s Jet Propul-
sion Laboratory. For more information, con-
tact iaoffice@jpl.nasa.gov. NPO-47214 
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