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systems perform their tasks; they’re the “nuts and bolts”
that enable effective and reliable function. This issue of
Crosslink examines some of these enabling technologies, which are easy, but dangerous, to overlook.
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Space system mechanisms, or moving mechanical assemblies, play a critical role at all mission stages, from
holding a rocket on the launchpad to unfurling a solar
panel to pointing a sensor or antenna. Some missions
have failed because of deployment problems; without
the precise and reliable function of mechanisms, more
would surely be compromised. Many of these mechanisms would not last long without effective lubrication,
which is the province of tribology. Aerospace expertise
in this rather esoteric discipline has helped save missions in the past, and continues to extend the service
life of mechanical systems in demanding environments.
While some mechanisms must endure constant cycling
for years in space, explosively activated mechanisms
typically need to function only once—without fail. Aerospace has uncommon expertise in ensuring explosively
actuated devices will perform as designed, conveying
launch and space vehicles through the various stages
of liftoff, ascent, and orbit.
Aerospace researchers are studying the latest trends in
materials science, with an eye toward making space
systems that are lighter, stronger, and better than their
predecessors. Mass continues to drive space vehicle
requirements, affecting both cost and performance.
Aerospace has been studying historical mass property
data in an effort to determine how best to predict the
growth of a developing space program and quantify
the costs associated with that growth.
Perhaps the most central supporting technology—quite
literally—is the vehicle structure. Structural design is a
delicate balancing act, which must constantly adjust to
meet the conflicting demands of strength, stiffness, and
lightness despite changing mission requirements.
All these components must be properly tested to ensure
mission success; but in validating flight hardware, test
engineers face a difficult challenge in looking for flaws
without compromising the parts they’re testing. Recent
advances in nondestructive evaluation techniques are
helping to improve the process. Even electronic systems
have parts that can fail mechanically, and Aerospace
has been active in developing models to help determine the risk of such failures.
We hope this issue will illuminate the important supporting roles played by mechanisms, materials, and
structures in the space industry.

Headlines

Delta IV Launches from SLC-6

A Delta II rocket successfully launched the Micro-Satellite
Technology Experiment (MiTEx) from Cape Canaveral on June
21, 2006. MiTEx is made up of two 500-pound microsatellites
and an upper stage developed by the Naval Research Laboratory.
The satellites are designed to test technologies for future military
programs. The project is a collaboration between the Defense Advanced Research Projects Agency, the Air Force, and the Navy.
MiTEx will investigate and demonstrate advanced space technologies such as lightweight power and propulsion systems, commercial off-the-shelf processors, affordable and responsive fabrication and build-to-launch techniques, and new components.
Aerospace involvement in the project included technical support for the hardware review, assistance with the power and control
box assembly, and acceptance testing. Aerospace launch support
included technical
assistance in the avionics and electrical
areas, spin balance
mass determination,
spacecraft fueling
support, payload processing, test data on
flight assemblies and
subassemblies, slosh
parameter calculations and roll plane
analysis, trajectory and
performance simulation and verification,
and assistance to the
independent readiness
review team.

The first California launch of a Delta IV rocket took place at SLC6 at Vandenberg Air Force Base on June 27, 2006. The Delta IV, an
Evolved Expendable Launch Vehicle (EELV), carried a classified
National Reconnaissance Office (NRO) satellite into orbit. It was
the tallest rocket ever launched from Vandenberg, and the first
EELV to carry an NRO payload. The event marked the sixth successful Delta IV launch.
After a beautiful morning, strong winds came in and threatened
the launch. But later, calmer winds prevailed, the go-ahead was
granted, and final preparations were made for the vehicle’s liftoff.
SLC-6 has quite a history, and the ominous weather may have
reminded some people of past attempts to use the site. The launchpad was first constructed in the 1960s for the Air Force’s Titan III
in support of the Manned Orbiting Laboratory program, which
was canceled before the first
flight.
Later, the site was reconfigured to launch space shuttles, but that plan, too, was
scuttled after the 1986 Challenger disaster. The Air Force
leased SLC-6 to a contractor
during the 1990s, but the site
was unused by the military,
and actually sat in mothball
status for close to 30 years.
“I am extremely proud of
the entire team. This was a
historic launch for both the
Delta IV and SLC-6, ” said
Ray Johnson, vice president,
Space Launch Operations.
Another Delta IV is planned
for launch from Vandenberg
in late 2006.
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The Air Force has awarded a $138 million contract to begin work on
developing three additional satellites for the next series of the Global Positioning System (GPS) fleet, the Block IIF. These satellites will be the newest addition to the GPS family, and are scheduled to be delivered in 2008.
The IIF satellites will be enhanced with a new L5 navigation signal,
which is located at 1176.45 megahertz in the aeronautical radio navigation
services spectrum. When used jointly with the current L1 coarse acquisition signal, the L5 signal will allow users to remove ionospheric errors,
improving accuracy by a factor of 2. It is also designed to incorporate
more robust code-division multiple access sequences, more power, and a
message-based format for its navigation data. “The IIF satellites will have
improved mission performance and enhanced capability, including new
military and civilian codes,” said John E. Clark, principal director, Space
Systems Navigation Division.
Aerospace’s involvement will include verifying requirements compliance; reviewing parts, materials, and processes; assessing design readiness
and test results; augmenting contractor analysis of failures; overseeing integration with the Evolved Expendable Launch Vehicle; and participating
in the launch and operation of the satellites.

Courtesy of Boeing

Next Fleet of GPS

Space Shuttle Mission Support
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The space shuttle Discovery safely returned from a 13day mission to the International Space Station on July 17,
2006. It was the second shuttle flight since the loss of Columbia in 2003. Aerospace has been working with NASA
since 2003 on numerous studies involving mission safety,
including research on external tank foam debris, micrometeoroid and orbital debris, and tin-whisker growth in
critical avionics boxes.
As part of these efforts, Aerospace has been helping
NASA implement an integrated damage/risk validation
process with models designed to assess the overall external
tank foam hazard and prioritize long-term mitigation efforts. This has been done through technical inputs, analysis, experimental testing, and imagery reviews. The team
has used in-flight imagery to account for historical foam
loss and to correlate observed losses with actual orbiter
damage data. The risk models are designed to account for
damage from all observed foam debris and can perform
assessments through simulation. The program also calls for
each space shuttle crew to collect in-flight imagery. The
team can then assess the integrity of the orbiter’s thermal
protection system to distinguish damage incurred to the
vehicle during ascent from on-orbit damage from micrometeoroids or other orbital debris.
Aerospace has developed a wind tunnel test program to
evaluate ice that falls from the shuttle during initial ascent
and its breakup characteristics. NASA has asked Aerospace to develop a similar combined-environments wind
tunnel test program to characterize crushed-foam failure
and other foam failure modes. The risks of micrometeoroid
and orbital debris, uncertainties and limitations in data
collection, and lessons learned were shared by Aerospace at
the STS-121 Safety and Mission Success Review, and the
findings directly influenced NASA’s decision to conduct a
late on-orbit inspection of the shuttle before its July flight.
Aerospace also assisted in ground testing on Discovery after its return from the STS-114 mission in August
2005. The work was conducted to investigate the failure
of an avionics unit in the orbiter’s flight control system.
The research revealed a profusion of metal filaments
growing from tin-plated card guides. This phenomenon
is well known in the avionics and computer industries as
tin whiskers. A tin-whisker infestation can compromise
the performance of electronic units and can be dangerous
if the electronics are critical to mission safety. Aerospace
had already been studying tin-whisker growth for the Air
Force and Department of Defense, and has now begun
to work with NASA to address tin-whisker growth in
critical flight control components on the space shuttle. A
short circuit in the reaction-jet driver could put both the
shuttle orbiter and the International Space Station at risk
if the jets fail during rendezvous. NASA plans to replace
the flight control system boxes over the next several shuttle
flights to mitigate tin-whisker growth and has recommended developing a comprehensive plan for addressing
tin-whisker risk for all NASA programs.
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Lighter, Stronger, Better:
Significant Trends in Materials Research
Aerospace researchers are working to identify and optimize the materials
and processing techniques that hold the greatest potential for advancing
space system capabilities.
Wei Kao, Russell Lipeles, and Woonsup Park

T

he evolution of materials technology has played a key
role in defining space system architectures. Advancements in materials for structures, propulsion, thermal
management, and optics have contributed to vast improvements in the weight-lifting capability of launch vehicles and
in the maneuverability and operability of spacecraft.
The general direction of materials research during the
last few decades has been in the pursuit of lighter, smaller,
cheaper, and more capable spacecraft systems. Aerospace has
been at the forefront of this research, conducting studies and
experiments to understand and employ new metals, ceramics, thin films, and composites. Much of this work has involved the evaluation and characterization of new materials
and processing techniques, and in many cases, has resulted in
new test methods and material formulations.

Metallic Materials

One trend being studied at Aerospace is the movement
toward lead-free materials. Environmental concerns have
prompted international legislations banning the use of leadbased solders in various applications. Space electronics are
typically manufactured using eutectic tin-lead solder, but the
availability of electronic parts made with eutectic tin-lead
solder is expected to decrease as manufacturers shift production lines to use lead-free alternatives. In a eutectic alloy, the
constituent phases solidify at one fixed temperature, rather
than over a range of temperatures as with most other alloys,
resulting in a fine microstructure. The mechanical properties of eutectic tin-lead solder joints are excellent, thanks
to this fine microstructure, and the electrical performance
and the reliability of eutectic tin-lead are well understood.
However, the same is not the case with many of the lead-free
alternatives.
Aerospace is conducting research to better understand
the relationship between reflow or heat treatment and
microstructure development of promising lead-free solders, including tin-silver-copper and tin-silver alloys. For

e xample, researchers are using focused ion-beam techniques
to make cross sections for studying the microstructure of
these soft solder alloys. In addition, thermomechanical
fatigue behaviors of the solders are being evaluated with
thermal cycling chambers to simulate the on-orbit environments. Initial findings show that the melting temperature
and solidification behavior of the tin-silver-copper system
is fairly insensitive to composition over a wide temperature
range. Therefore, composition should have a minimal effect
on processing.
Bulk metallic glass is another emerging material that
has many unique properties suitable for space applications.
In contrast to regular metals, which have an orderly, nearly
crystalline atomic structure, bulk metallic glasses have an
amorphous structure. The classical dislocation-based theory
of the mechanical behaviors, which says that most mechanical properties can be explained by the formation and inter
action of dislocations in the crystal structures, does not apply
to bulk metallic glasses because they contain no dislocations
or grain boundaries. As a result, they exhibit greater strength
and corrosion resistance. Some formulations are nonmagnetic at room temperature. The potential applications of bulk
metallic glasses include lightweight structural components,
integrated optical/structural buses, springs, and other novel
devices.
To fully realize the potential of this class of materials,
Aerospace is studying the effects of different processing
techniques on structural properties. Bulk metallic glass
generally has four or more alloying elements, and the combination of these elements retards crystallization upon cooling, allowing the material to retain a liquidlike amorphous
structure at room temperature without the need for rapid
quenching. The first generation of zirconium-based bulk
metallic glasses found limited applications in sporting goods
such as golf clubs and tennis rackets, which benefited from
the excellent elastic properties. Next-generation formulations with titanium-based chemistry are under development,

Alan Hopkins and Natalie Kruk propose experiments of how to efficiently functionalize single-walled carbon nanotubes to enable printing of these dispersed

and these should have better fracture
toughness and fatigue resistance—which
would be important for space applications.
Aerospace is developing expertise in characterizing these mechanical properties and
understanding their relationship to processing methods and material structure.
Aerospace has also developed particular
expertise in evaluating the austenite and
martensite phases in ferrous materials. Austenite is a high-temperature form of iron
that will undergo a phase transformation to
ferrite or martensite, lower-density forms
of steel, upon cooling; however, some of the
austenite phase can remain untransformed
in room temperature. In load-bearing metallic parts such as bearings, gears, or power
trains, this retained austenite reduces part
strength and can cause residual stress or
dimensional growth if it transforms to martensite under stress during service.
Traditionally, x-ray diffraction is used to
determine the amount of retained austenite
in steel. In this technique, x rays directed
at a steel sample generate a distinctive diffraction pattern that can be used to identify
constituent phases; however, this method

nanotubes into 3-D structures. The work is conducted in the Space Materials
Laboratory at Aerospace.

becomes less accurate at concentrations of
less than 10 percent by weight. Aerospace
has developed a capability for evaluating
small changes in austenite content caused
by different heat treatments by using the
Rietveld method, a technique first used to
determine the complex crystal structures of
diverse compounds such as superconductors, pharmaceuticals, and minerals. The
Rietveld method uses a least-squares approach to fit observed data to calculated
data; as a result, it can resolve the overlapping diffraction patterns by mathematically
deconvoluting them from different phases

that might otherwise be lost in conventional
diffraction analysis. Aerospace has applied
this technique to determine the austenite
level of four different heat treatments of
steel alloy SAE 52100, which is commonly
used in space bearings. One benefit of the
Rietveld method, as compared with traditional methods, is that the entire x-ray
diffraction scan is modeled, including the
background and carbide phases; this enables
more precise results by eliminating errors
caused by texture effects commonly occurring in steel parts that are not uniformly
deformed.
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X-ray diffraction scans from four
different samples of steel alloy
SAE 52100, each processed with
a different heat treatment (note:
intensity plots are offset for clarity; LN2 is liquid nitrogen). The
effect of the heat treatment on
retained austenite is seen graphically in the austenite 002 peak,
which corresponds to the quantitative values determined using
the Rietveld method.
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the material’s fracture toughness. Next, the
finite-element method is used to calculate
the tensile stress fields (because a closedform analytical solution for the hoop stress
is not available).
This test, for the first time, allows measurement of fracture toughness directly on a
ball as fabricated from the factory. The test
can be used for research in the laboratory
and quality control at the manufacturer.

Thin Films

Paul Lu installs parallel plates for preparation of viscosity measurements of polymeric materials on the thermal
analysis instrument’s dynamic mechanical analyzer.

Russell Lipeles with the atomic force microscope used to image micrometer to nanometer scale surface features like carbon nanotubes deposited on mica.

Ceramics

Silicon nitride is another material that is
often used for bearings because of its high
compression strength, hardness, excellent
corrosion and wear resistance, elevated
operating temperature, and reduced lubrication needs. Advanced hybrid ball bearings
typically use this ceramic for the balls and
steel for the inner and outer races. They’re
used in severe, high-speed applications as
diverse as machine-tool spindles, dental
drills, satellite momentum control wheels,
and the space shuttle main engines. One
disadvantage of silicon-nitride balls, however, is that their fracture resistance is lower
than that of conventional steel balls.
 • Crosslink Fall 2006

The standard mechanical tests used in
the laboratory to measure fracture toughness require a rectangular specimen and
do not work directly for the spherical balls.
Aerospace has developed a testing method
that overcomes this limitation. In this test,
the ball is squeezed between two special
platens that have hemispherical sockets. As
the ball is compressed, the “equator” of the
ball bulges, which generates a tensile hoop
stress. A crack placed at the equator grows
as the tensile stress increases. At a sufficiently large load, the growing crack makes
a transition to spontaneous unstable growth.
At the point of instability, the crack length
and applied tensile stress together define

The design of intrinsically conductive polymer blends continues to be an area of interest at Aerospace because these materials
play a significant role on national security
spacecraft. For example, polymer films in
thermal blankets used on most satellite surfaces are typically coated with a conductive
layer to prevent the buildup of electrostatic
charges that could lead to potentially harmful discharges. The conducting indium–tinoxide coatings typically used on blankets
can crack and oxidize, which reduces their
conductivity.
Aerospace has developed a transparent polymer blend with sufficient bulk
conductivity and environmental stability
to mitigate surface charging on satellites.
The material—a polyaniline/polyimide
blend—could eliminate hundreds of straps
used to ground the conductive front surface
of the blankets to the spacecraft. Aerospace
researchers have been able to increase the
optical transmittance of the material by
using fluorinated polyaniline in the fluorinated host material polyimide. This successful biphasic or “interfacial polymerization”
method has been used to grow electrically
conducting polyaniline nanofibers in the
presence of the fluorinated polyimide precursor, polyamic acid. The researchers chose
a target surface conductivity of 1×10-6 to
1×10-8 Siemens per centimeter as a compromise between the competing goals of
optical clarity and electrical conductivity.
Polyaniline concentrations of less than 1
percent by weight in the polyimide base
provided relatively high optical clarity (or
low solar absorption) at the benchmark
peak of 500 nanometers in the ultravioletvisible spectrum.

Composites

Polymeric composites are similar to polymer blends in that they combine different
materials to achieve a new mix of tailorable
properties. One major difference is that in
a composite, the materials remain separate
and distinct on the molecular level. For
example, a common type of composite is
made by dispersing a reinforcing material,

S. maximum principal
(Average crit.: 75%)
+2.147e+02
+1.100e+02
+9.900e+01
+8.800e+01
+7.700e+01
+6.600e+01
+5.500e+01
+4.400e+01
+3.300e+01
+2.200e+01
+1.100e+01
+0.000e+00
–7.365e+02

such as carbon fiber, into a resin matrix,
such as epoxy or polyimide. Such materials
are widely used in space systems because
of their high specific strength and light
weight. On launch vehicles, they are found
in solid rocket motors and payload shrouds;
on space vehicles, they are used in bus structures and solar panels.
Aerospace has been studying a newly
developed family of composites based on
polybenzoxazole (PBO) fiber, which has
better tensile strength, creep resistance,
damage resistance, and heat tolerance than
other organic fibers. Motor cases made
from epoxy-matrix composites that use
PBO fibers are expected to exhibit greater
impact and fracture resistance because of
the higher strain capability of the material.
Thus, they could be made less susceptible to
handling or impact damage. The relatively
low density of the PBO fibers also makes
them attractive for weight-critical applications on satellite structures. For example,
they could be used to create inflatable and
lightweight deployable structures that
could not use carbon fibers (which would
be damaged by folding). However, PBO

This transmission electron micrograph shows typical
carbon “nano-onions” and nanotube structures obtained by laser ablation (scale bar 100 nanometers).

Aerospace developed a novel mechanical
test for fracture toughness of ball bearings
based on squeezing the bearing between
two specially fabricated platens. Because
a closed-form analytical solution for the
hoop stress is not available, the finiteelement method is used to calculate the
tensile stress fields. The “hot colors” correspond to progressively more intense tensile hoop stress. The problem’s symmetries
are used so that only one-quarter of the
ball has to be represented in the calculation. The platen is at the top of the model,
and the quarter ball is at the bottom.

fibers in bulletproof vests have been shown
to lose their strength when exposed to high
humidity. Aerospace is exposing epoxymatrix/PBO composites to moisture and
measuring changes in strength to determine
whether composites for launch vehicles and
spacecraft will also suffer reduced properties
in humid environments.
A related field of research involves an
intriguing new class of material known as
single-walled carbon nanotubes. A singlewalled carbon nanotube is a hollow cylindrical molecule with hemispherical caps on
each end. They typically measure just a few
nanometers in diameter and can range in
length up to a few microns. Single-walled
carbon nanotubes are among the strongest
materials known and exhibit remarkably
high stiffness—about 1 terapascal, compared with about 10 gigapascal for conventional carbon fiber and 1.2 gigapascal
for high-carbon steel. Aerospace has been
investigating how to use carbon nanotubes
to increase the modulus (stiffness) and shear
strength of materials in satellite structures.
Single-walled carbon nanotubes are typically produced in vapor-phase reactions at
1200°C from a carbon source (methane,
carbon monoxide, carbon rod, etc.) and
metal catalysts. Aerospace is investigating the formation of carbon nanotubes at
room temperature. In this process, a pulsed
excimer laser operating at 248 nanometers
is focused on a metal-doped carbon target,
forming a plasma of carbon and the metal
catalyst ions from the material ablated from
a solid target. A nanotube grows on the
surface of a metal cluster and deposits on a
substrate. Light emitted from the plasma is
monitored to evaluate neutral and ionic carbon clusters (typically C2 and C3) and metal
species that react to form the single-walled
carbon nanotubes. Aerospace researchers
have found that conditions in the plasma
can be controlled through gas-mixture
composition and pressure and laser intensity

to form different types of nanostructured
carbon. For example, “nano-onions” can
be reproducibly formed in the presence of
oxygen gas. Nano-onions may have applications in polymer matrices, drug-delivery
systems, and novel nanocomposite materials. In contrast, ablation of the same target
in argon or pure graphite produces only
amorphous carbon.
Aerospace has also been investigating ways to enhance the performance of
polymer composites by introducing singlewalled carbon nanotubes. For example, molecular modeling shows that cyanate-ester
trimers interact strongly with the surface
of the single-walled carbon nanotubes.
Experiments at Aerospace have shown that
when carbon nanotubes are fully dispersed
in cyanate-ester resin—at concentrations of
only 0.5 percent by weight—the modulus
of the cured polycyanurate matrix is approximately doubled. This suggests bonding between the polycyanurate matrix and
nanotubes on a molecular scale for low
concentrations of nanotubes. Aerospace is
investigating the use of this nanoreinforced
resin to improve the resin-dominated properties—such as shear strength of carbon-fiber polycyanurate composites used in space
hardware for stiff, lightweight structures.
Understanding and controlling growth
conditions for carbon nanotubes will result
in economical, reproducible processes for
these nanoreinforcements. The findings at
Aerospace contribute to an understanding
of how carbon nanotubes are formed, what
structures can be made, and how the process can be optimized to lower the cost of
formation.

Summary

The development of new and advanced
space-grade materials—and research into
their properties and effects on space system
components—may lead to lighter, smaller,
cheaper, and more capable spacecraft. But
before any material can be specified for a
space application, it must endure rigorous
testing and analysis to determine optimal
processing conditions and ensure reliable
performance in the hostile space environment. Aerospace research into space materials science will help identify the most promising new formulations and ensure that they
can be used to their full potential.
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Exploding into Space:
Explosive Ordnance for Space Systems
Controlled explosions are a necessary part of every space mission.
Aerospace, through its esoteric dedicated explosive ordnance
expertise, has a part in ensuring that the explosively activated devices
outfitted on space systems will perform reliably.
Selma Goldstein

E

xplosive ordnance in the space systems industry is
defined as any component or assembly on a spacecraft or launch vehicle that contains or is operated
by explosive materials. The ability to rapidly release directed
energy to perform multiple operations nearly simultaneously
is the major attribute of explosive ordnance.
The use of explosive ordnance is far more prevalent than
many people might assume. For instance, the NASA space
shuttle might require more than 400 explosive initiations
from launchpad release through payload deployment to
parachute severance at landing. A typical military launch
vehicle with payload can have more than 150 explosive
initiations, while a satellite might employ between 200
and 400 explosive events. Explosively actuated devices are
generally lighter and smaller than equivalent mechanical
or electromechanical devices, which makes them attractive
for space applications. Typical tasks include launch vehicle
hold-down release, engine ignition, stage separation, fairing
separation, appendage deployment. Explosive devices are
also found in reentry systems and systems for destroying an
errant launch vehicle. They are particularly valuable when an
application requires that events at different locations occur
simultaneously.
Because the functions they perform are almost always
mission critical, these explosive systems carry some level of
redundancy. Thus, few missions have been lost because of the
failure of explosive ordnance, although some missions, such
as the first Pegasus missions, have been degraded because
of ordnance problems. Failures most commonly occur in
prelaunch testing, so faults are detected before flight. On the
other hand, recent failures attributed to the application of
certain pyrovalve designs in liquid propulsion systems have
resulted in mission losses.
Most failures stem from a lack of understanding of the
performance envelopes of the explosive components used.
Too often, a component qualified for one system is not
requalified when applied to another. The space industry

continues to enhance its understanding of the physics of explosive ordnance applications, and new approaches continually replace older designs; nevertheless, the primary cause of
failures continues to be a lack of knowledge of performance
characteristics and inappropriate corrective actions based on
misunderstandings about the physics underlying the operation of these devices.
Aerospace has developed uncommon expertise in the use
of explosive ordnance for launch vehicles and spacecraft.
Through its dedicated explosives ordnance laboratory, Aerospace conducts independent research geared toward understanding the design and functionality of explosive devices and
developing requirements for their use. Aerospace is active in
ensuring proper testing and exploring ways to apply numerical analysis techniques to resolve anomalies. Aerospace also
led a recent effort to write the first new explosive ordnance
standard for space programs in almost 20 years, taking advantage of lessons learned from the history of spaceflight.

Explosive Devices

An explosion is the sudden release of chemical energy by
exothermic decomposition. This event is an inherently
nonlinear process, not fully understood. It is initiated when
a metastable chemical compound is subjected to a stimulus such as heat, impact, friction, or shock, causing rapid
changes in its state. These materials may be either inorganic
salts, mixtures of fuels and oxidizers, or more complex organic compounds. The explosive reaction is a rapid burning
that consumes the materials essentially instantaneously.
To perform work, explosive materials must be configured
so that outputs are controlled. This is accomplished through
a series of aligned events called an explosive train. The first
element in any explosive train—the initiator—is its most
sensitive and smallest. Ignition is achieved by external forces
such as electrical impulse, impact, heat, or laser energy,
which can be imparted by low- and high-voltage hot-wire
systems, percussion systems, and laser systems. Initiator

designs include electro-explosive devices, such
as the widely used NASA Standard Initiator,
as well as laser-initiated devices, exploding foil
initiators, percussion primers, and lanyard pull
initiators.
The output of these first elements is either
a detonation wave or a pressure impulse. This
output can be used to operate a mechanism
if its energy requirement is small, or to ignite
a booster to produce more energy. Alternatively, the initiator may be used to ignite linear
explosive assemblies, mild detonating fuses,
primacords, shielded mild detonating cords, or
thin-layered explosives to transfer the energy to
an item at the end of the explosive train.
Numerous devices can be used to close the
explosive train. These include shaped charges
for the destruct system, separation devices for
staging or payload fairing jettison, engine igniters, and pyrovalves for opening and closing fuel
and oxidizer lines in the engines. On satellites,
explosively actuated devices may operate the
satellite propulsion system, or deploy antennas
and solar panels when these components are
ready for use.
Explosively actuated devices include separation nuts, ordnance thrusters, pin pullers
and pushers, cable cutters, bolt cutters, valves,
separation bolts, and safe-arm devices. Separation nuts and bolts use the shock pressure
generated by an explosion to fracture a bolt or
release a nut to allow the separation of two different parts of the launch vehicle. In pyrovalves,
an explosive force drives a ram or piston to
open or close the valve as needed. Ordnance
thrusters rely more on the generation of gas
by energetic materials than on shock pressure;
these devices act as a piston or cylinder system
where the expansion of gases produced in the
explosion drives the piston to clear the separating component from the vehicle core. Cutters
behave similarly to an open pyrovalve, wherein
an explosive stimulus drives a knife blade into a
target; these devices are used to sever and deactivate energy-transfer lines and destruct-system
lanyards to deactivate rocket motor destruct
systems upon motor separation.

Testing

Because of their one-shot nature, explosively
actuated devices cannot be completely tested
before use. Devising analyses and experiments
to probe the basic physics of detonation is challenging, because explosives release thousands
of joules of energy in time spans measured in
microseconds. A three-stage procedure for testing samples has been developed over the years
to compensate for these analytical difficulties.
The first stage, qualification testing, happens
during the design phase and involves subjecting
a device to its harshest anticipated environment
plus a margin of uncertainty surrounding these

Daniel Gunter aligns a laser in preparation for a test using
the VISAR system to measure explosive initiator output.

Standards and Specifications
The first standard for explosively actuated devices on space vehicles appeared in
1987. The document, DOD-E-83578, was written by Aerospace based on an internal specification from a contractor. It incorporated many of the test and design
requirements that had been developed by the Army and Navy for explosive initiators, detonators, and safe-arm devices, but also stressed the verification of performance margins and margins of safety at all interfaces between components of
the ordnance systems. These specifications were made into a military handbook.
In 2005, a team led by Aerospace published a new standard, AIAA-S113(2005), Criteria for Explosive Systems and Devices Used on Space and
Launch Vehicles. This standard was written at the request of the Air Force Space
and Missile Systems Center as part of an effort to reintroduce standards for the
design, manufacture, and testing of space hardware. Aerospace chaired this new
standard-writing team, which included representatives from NASA, the Army, the
Navy, the Missile Defense Agency, contractors, and major ordnance suppliers.
The team took advantage of this opportunity to include new technology advancements that affect both design and test measurement approaches.
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Aerospace and Law Enforcement
The Explosive Ordnance Office at Aerospace works with the Law Enforcement and Corrections Technology Center, collocated at Aerospace, to help solve crimes with the Los Angeles
Police Department. In two instances, expertise in explosives behavior and the analytical and
laboratory capabilities at Aerospace contributed to solving bomb-related cases.
In the first, an explosion occurred in a Los Angeles apartment that seemed to be caused
by fireworks. But detectives wanted to find out if the occupant had actually been making
high-explosive materials in the apartment. Based on analysis of the crime scene, and using
empirical calculations to relate blast-wave characteristics to damage caused by the explosion, Aerospace was able to prove that high explosives had been present at the time of the
accident. The amount of structural damage was not consistent with the burning of fireworks,
and the blast overpressure corresponded to the output expected from the amount and type
of explosive materials inferred by the police. The case eventually went to trial, and the suspect was convicted of felony possession of high explosives.
In another case, Aerospace analyzed evidence collected after a blast in a residential area.
The case involved an improvised explosive device placed in the front axle of a pickup truck.
An empirical fragment-acceleration model known as the Gurney Acceleration Method
was used to analyze the final velocity of the fragments to determine the explosive energy
necessary to yield the observed fragmentation pattern. The findings were consistent with the
properties of two types of explosive materials, evidence of which were both found at the
suspect’s home, and either of which could have been used in the bomb. Both types of explosives were consistent in energy output with the fragment distribution. The only significant
chemical marker to distinguish the two explosives was the fact that one molecule contained
nitrogen and the other did not. Additional investigations of the scene produced small, spherical metal particles that were thought to come from either the bomb casing or the sheet metal
of the truck. These particles were thought to be solid droplets until they were examined by
Aerospace and found to be hollow bubbles. Suspecting that these bubbles might have
trapped gases from the explosion, analysts examined them using a mass spectrometer. The
distribution of elements inside them confirmed that the explosive containing nitrogen had
been used. This information was then used to convict the suspect.

expectations. The component is expended
through the test firing.
The second stage, lot acceptance testing, is performed as each lot of devices
is manufactured. This stage is a repeat of
qualification testing, but it’s performed on
a smaller number of units; it’s designed to
ensure that the production items are replicating the function of the qualified design.
Lot acceptance testing verifies the integrity
of a lot sample and offers the best measure
of certainty that the devices being tested are
identical to those not being tested. It is also
imperative that the functionality of lot samples is robust, because actual flight units will
only be tested by means of a nondestructive
evaluation. Inherent and unavoidable manufacturing variabilities also contribute to the
necessity of testing these one-shot devices
in each production lot.
The final stage, age surveillance, involves
periodically extracting devices from the
program inventory and testing them. This
step is essentially a repeat of the major steps
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involved in lot acceptance testing, along
with a high-temperature storage to simulate
aging. The purpose is to demonstrate that
the device has maintained its performance
characteristics in storage. If the lot passes
this test, it will remain in inventory and
continue to be used. This process may be
repeated several times to ensure the service life of the devices being used on each
program.

Numerical Analysis

Until the 1950s, the only means of calculating the parameters of explosives or blast
effects was through the use of empirical
equations that were of limited applicability.
These equations used simplified assumptions that allowed the calculations to be
completed without extensive computer
resources.
Now, complex computer codes running
on modern supercomputers are commonly
used to analyze loads on mechanical systems through linear approximations of

Newtonian equations, but these are not useful in calculating the motion of structures
subjected to explosive loads. The speed and
intensity of explosive loads generates high
stresses that can exceed material strength,
high strains that place the materials in the
plastic regime, and shock waves that propagate through the materials. The large deformations that result cannot be predicted
using conventional mathematical models
that assume all motion can be broken down
into small increments.
In explosive systems, nothing is ever
small. Strains will exceed 10 percent and
strain rates will exceed 105. To include these
effects in a mathematical scheme, ordnance
researchers have developed a novel analytical approach. Its basic premise is that if the
material is experiencing stress several orders
of magnitude above its ultimate strength,
then a first approximation might assume it
has no strength at all. Materials that have
no strength are perfect fluids, so instead of
using the equations of solid mechanics to
describe materials under an explosive load,
the equations for incompressible fluids
could be used. Thus arose the term “hydrocode” for the computational methods used
to analyze explosive systems.
The first hydrocodes were developed for
nuclear weapons. They were then used on
conventional weapons, and eventually on
blast effects of space structures. Aerospace
is among the few institutions that have successfully applied hydrocodes to the analysis
of explosively actuated devices used in space.
For example, Aerospace used hydrocode
analysis to support the successful resolution of a failure investigation on the Inertial
Upper Stage (IUS-16) separation anomaly
in 2001. In this incident, an unusually long
delay was noted during the separation of
the payload from the Inertial Upper Stage.
The separation device that may have malfunctioned was the Super*Zip expanding
tube separation joint. A model was created
using hydrocodes, and a series of parametric
studies were performed to investigate the
sensitivity of the joint and variables in its
manufacture and assembly.
It is irrelevant to a hydrocode whether
the source of shock is an explosion or a
mechanical impact; thus, hydrocodes can
be applied to various problems. For example, the hypervelocity impact simulation
capabilities of hydrocodes have been used
to evaluate the effectiveness of thermal
blankets and other barriers as potential
space-debris shields. Similarly, a hydrocode
was used for a hypervelocity impact analysis
of the Leonid meteor showers. Hydrocodes
are applicable in such cases because meteor

Left: Severed segment of a separation ring with a sample of the Super*Zip expanding tube separation device, as it would have looked before separation, between
the two halves. Right: Three frames of a computer-generated simulation of the

Left: Flexible linear shaped charges of various sizes and materials
used to cut or puncture structures for separation or pressure release. A ductile metal sheath formed into a chevron surrounds the
explosive core. Right: After initiation of the explosive, the chevron
expands until the concave side (bottom side in the graphic) turns

inside out to form a metal plume (jet) that is extruded outward
toward the target plate, penetrating and severing it. The chevron
shape concentrates the explosive energy into the jet, making it
a more effective cutting tool than a charge with a circular cross
section, such as mild detonating cord.

Left: An explosive bolt before and after function. Shock waves from explosive
charges at either end of the bolt meet in the middle and fracture the shank.
Center: Explosive transfer lines that move the explosive reaction from one loca-

showers generate high-amplitude, transient
impulsive loads. A hydrocode was also
used to assist NASA in its return-to-flight
studies for the space shuttle. The analyses
included modeling low-velocity impacts
of foam and ice debris on the orbiter’s
thermal protection system. Aerospace’s
hypervelocity impact expertise has also been
requested in the analysis of the James Webb
Space Telescope’s sun-shield vulnerability.

VISAR

Another form of analysis that has proven
beneficial to the study of explosive ordnance
is the Velocity Interferometer System for
Any Reflector (VISAR). This technique has
been helpful in developing an understanding of the characteristics, responses, and
interactions of explosive mixtures and materials. Simply stated, VISAR measures the
velocity of a moving target by determining
the Doppler shift imparted to a laser beam
reflected from its surface. It was developed

Super*Zip during its function. Frame times shown, from left to right, are at 0
microseconds, at approximately 40 microseconds, and at approximately 85 microseconds after initiation of the explosive.

tion to  another. Right: Pin puller cutaway. The mechanism retracts the pin to
release an arm or panel that had been held in a compacted or stowed configuration for flight.

in the 1970s at Sandia National Laboratories and has since undergone numerous
technological developments. Examples of
VISAR’s versatility include detonation velocity measurements of explosive mixtures,
ram velocity measurements for pin pullers
and pyrovalves, and velocity output characterization of nonlethal weapons.
Aerospace has been using VISAR to
begin characterizing the NASA Standard
Initiator, which has not been used in analysis because of a lack of a mathematical description of its output energy. Aerospace has
effectively measured the motion of metal
shims accelerated by a NASA Standard
Initiator with VISAR. When the resulting
equation was then used in the hydrocode
to model a pyrovalve that uses the initiator
for energy, the predicted motion of the ram
in the valve agreed with the experimental
data from the valve. This agreement indicates that the VISAR data can be used accurately in other NASA Standard Initiator

simulations. It also represents the first-ever
accurate characterization of the NASA
Standard Initiator for use in computational
analyses.

Conclusion

Advancements in understanding the physics
of explosive ordnance occurs daily. New approaches continually replace older designs,
but the primary cause of failures continues
to be lack of knowledge of performance
characteristics. Independent research at
Aerospace helps advance scientific understanding of explosive reactions while ensuring the performance and reliability of the
diverse components that rely on explosive
ordnance.
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Space Vehicle Mechanisms
Mission success requires the precise and reliable operation of numerous
mechanisms that secure, deploy, move, and release space and launch vehicle
components. Aerospace has developed particular expertise geared toward
optimizing the design and analysis of these moving mechanical assemblies
and mechanisms.
Brian Gore, Steve Didziulis, and Michael Hilton

A

ll space vehicles contain mechanisms or moving mechanical assemblies that must move by some combination of sliding, rolling, rotating, or spinning—and
their successful operation is usually mission-critical. For example, solar arrays are often stowed for launch to survive the
ascent environments and to reduce their envelope, but once
in space, they are deployed and must be continually rotated
to maximize exposure to the sun. Antennas are sometimes
mounted on rotating gimbals to maintain sufficient signal
strength. Remote-sensing optical payloads track a scene
of interest or examine new targets as the space vehicle orbits. The internal lenses and mirrors of optical sensors are
often mounted on adjustable mechanisms to maintain or
adjust focus or to reject undesirable signals. Space vehicles
must maintain attitude either by spinning or by the use of
flywheels or gyroscopes. All of these devices, and many others, depend upon the successful and long-term operation of
moving mechanical assemblies.
Unlike many other space vehicle subsystems, moving
mechanical assemblies generally are not redundant and
therefore represent potential single point failure modes. They
therefore require stringent design practices and thorough
analysis to ensure proper operation. Aerospace has developed
specialized tools for characterizing the motion of rigid and
flexible components to verify that mechanisms will perform
as intended. In many cases, Aerospace has gone beyond its
traditional role in modeling and validation to develop novel
practical approaches to prevent mechanism failure.

and frangible bolts are most commonly used for releasing
the launch locks. These elements use either pyrotechnic devices or nonexplosive devices to initiate release. Nonexplosive
devices can reduce the shock caused during release.
Aerospace analyses have helped to prevent failures of
restraint and release mechanisms and to identify failure
modes. For example, the DMSP F5 spacecraft was ready to
launch when the locking mechanism for the Optical Line
Scanner (OLS) failed to release during final testing. The
scanner needed to be locked for launch to protect the bearings against the high launch loads. If the lock did not release
on orbit, the primary mission of the satellite would have

Restraint and Release Design

Restraint-and-release mechanisms, or launch locks, support
and restrain deployables and other movable elements during
ground processing and launch. They are actuated on orbit
to release the installation preload and to allow separation.
The load-carrying elements normally counter the compressive preload and the external loads acting on the deployable
structure. Pin pullers, separation nuts, bolt or cable cutters,

A surface profilometer is used to measure the inner race of a ball bearing
to determine mechanical part geometries, surface finish, and wear patterns. The device has been used to investigate anomalous bearing wear
during ground tests and to evaluate components from the failed control
moment gyroscope on the International Space Station.

been lost. As part of the team investigating
ways to unbind the mechanism, Aerospace
recommended a fluorocarbon lubricant of
the type that is widely used in the hard-disk
industry. Aerospace also helped develop a
procedure to use a boroscope to find the
problematic surfaces and a catheter tube to
apply the lubricant to the bound surfaces
without destacking the space vehicle from
the launch vehicle. This fix resulted in a successful release of the launch-lock, and the
launch proceeded without costly delay.
Other programs were not so fortunate.
A well-known example of an antenna that
failed to deploy on orbit was the primary
antenna of the NASA Galileo satellite.
Despite numerous attempts and various
strategies, mission controllers were unable
to fully deploy the high-gain antenna and
had to rely instead on a secondary low-gain
antenna for communications. Aerospace
contributed to an analysis of the failure and
concluded that some of the pins designed
to hold the antenna ribs during launch had
seized in a phenomenon known as taperlock. This prevented the antenna ribs from
disengaging from the central tower, hindering the opening of the large umbrella-like
antenna dish.

Hinges and Pivots

Structures that need to deploy on orbit
are most often articulated by a system of
hinges that incorporates drive actuators
and rate controllers (dampers). The hinges
employ either journal bearings or rolling
element bearings to reduce friction. In the
case of journal bearings, redundancy can
be achieved by means of bushings that
can rotate on the outside diameter as well
as the inside diameter thus providing two
independent sliding surfaces. Hinges can
be combined in a universal joint to provide
rotation about two axes. Rotation in three
planes can be provided by a ball and socket
or spherical pivot, a configuration that has
been used for pointing mechanisms.
If the range of motion is relatively small,
elastic flexure pivots can be employed. The
advantage of flexure pivots is the elimination of free-play and moving parts. However, they require stringent design efforts to
prevent fatigue failure, concerns for wear,
and the need for lubrication. The fatigue aspect must be carefully evaluated, especially
for flexure pivots consisting of blades that
are brazed or welded.
A common example of a hinged structure is a solar array, which typically consists
of a number of rectangular panels that are
stacked together for launch. In orbit, the
hinged panels are released and rotate to

Movable
arm

A flexure pivot. The lower, fixed
portion of the hinge is attached
to perpendicular blade flexures.
The upper, rotating arm is attached to the other end of the
blades. As the arm rotates, the
blades flex to allow the motion.

Fixed
portion

Flexures

the final configuration. A hinged boom or
yoke may be used to extend the solar panels
farther from the space vehicle to reduce
shadowing or sensor fields-of-view obscuration. Testing these deployment mechanisms
on Earth can be difficult. For example, in
one instance, Aerospace helped analyze
and flight-qualify an innovative solar-array
hinge mechanism. The hinges were not stiff
enough to support the weight of the entire
wing in Earth’s gravitational field, so the
hinge testing required a combination of
iterative contractor lab testing and Aerospace simulations. Results from single- and
double-hinge testing, in conjunction with
corresponding validated models, exposed
several deployment effects in a wing-level
simulation that would not have been detected using standard qualification-test
techniques, because of the deployment’s
complex nature.

Aerospace’s analysis uncovered a panelto-panel recontact during deployment, as
well as the ineffectuality of a set of deployment articulation fingers, and served to support the value of a time delay programmed
into the software to release the two solar
wings. Those deficiencies were fixed, and the
spacecraft solar arrays deployed successfully
on orbit.

Latches

Latches are used to lock movable elements
in position after they have deployed or
have reached their final configuration on
orbit. A positive latch provides a rigid configuration and provides more resistance to
backdriving of the movable element. This
characteristic is especially useful for precision pointing devices, where a high degree
of stiffness is needed in the deployed configuration to reduce pointing errors. Most

Typical four-bar linkage diagram. In the configuration on the right, the linkage
has been driven to its over-center position (the orange and green arms are colinear) and can no longer rotate regardless of the direction of applied motion to
the red crank. The blue bodies with hash marks represent fixed, “ground” points.
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Complex deployment sequence for a spacecraft solar array with 12 degrees of freedom,
in constantly changing orientations. The hinge mechanisms that were used to deploy the
panels could not support the weight of the panels under Earth’s gravity, necessitating a
multi-iterative approach of testing and simulation to ensure the panels would not collide
with each other or the spacecraft during deployment.

latch mechanisms are required to operate
just once, to latch a deployable component
at the end of travel; however, some latches
must be capable of multiple latch-andrelease cycles—for example, if a deployable needs to be restowed prior to orbital
maneuvering. One of the simplest latch
mechanisms is a spring-loaded pin that
drops into a hole at the final deployment
position. Over-center mechanisms, such as
four-bar linkages, are also commonly used
for latch mechanisms. Motor-driven latches
can be used, particularly when the application requires multiple latch-and-release
operations.
On the Titan program, approximately 30
latches were used to attach an exit closure
to the main engine nozzle extension; the
latches were designed to release prior to
main engine firing. At the functional test of
the latch/release mechanisms, almost half
failed to open because of excessive friction
between the latch pins and catch surfaces.
Aerospace recommended component testing to investigate sensitivities to lubrication
between the surfaces, release-spring forces,
and other mechanical design parameters.
Aerospace obtained several latch mechanisms from the contractor and performed
the needed tests. Results directly led to a
new lubrication combination on the latch
pin and catch, stiffer torsion springs, a larger
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step on which the pin slides, and a preflight
run-in procedure to minimize the friction
coefficient. Releases on all subsequent tests
and flights were successful.

Continuously Rotating Elements

Some space vehicle mechanisms must operate continuously for the life of the mission.
Such mechanisms can be found in attitudecontrol subsystems. Control moment gyros
and momentum wheels provide vehicle
stability by generating a large angular momentum through high-speed spinning (typically 3000 to 8000 rpm). Reaction wheels
operate at lower speeds. Solar-array drives
are used to continuously orient solar panels
toward the sun. Antennas are continuously
rotated by gimbals to provide proper pointing. Rotating mechanisms are also used in
sensors that are operated in continuously
rotating or scanning modes.
Aerospace has worked to ensure optimal
operation of attitude-control reaction and
momentum wheels, solar-array drives, and
rotating sensors for programs such as DSP,
DMSP, DSCS III, Milstar, SBIRS, and
numerous classified programs and NASA
missions. For example, Aerospace analyzed
the lubricants from wheels removed from
the Hubble Space Telescope during one of
the refurbishment missions and performed
detailed examinations of components from

a failed control moment gyroscope bearing
recently returned from the International
Space Station. The analyses, coupled with
laboratory studies, have indicated that synthetic lubricants could increase the life and
reliability of these components and decrease
the frequency of anomalous behavior. As a
result, synthetic oils have replaced mineral
oils in some programs, such as the Operational Line Scanner on DMSP, reaction
wheels on GPS, and control moment gyroscopes for many classified programs.

Ball Bearings

A ball bearing consists of grooved tracks
within two rings, or races, that rotate
relative to each other and are supported
and separated by balls that roll along the
grooves. A cage or retainer keeps the balls
from colliding or bunching up while rolling. Many people think a ball bearing is the
sphere or ball that rotates within the raceways, but the term “bearing” actually refers
to the entire component. One type of ball
bearing commonly found in space mechanisms is called an angular contact bearing.
In this design, the balls contact the raceways
at an intermediate angle between the radial
and axial directions. When mounted in
pairs, these compact bearings provide high
stiffness in both radial and axial directions.

The mechanisms used in space vehicles
impose special challenges for the design of
bearings. All bearings develop stresses at
the ball-raceway contact regions in response
to the applied external load. As a general
rule, it is desirable to use the smallest bearing possible that will support the applied
loads to minimize size, weight, and friction
torque (resistance to rolling). In almost all
cases, launch loads (as opposed to operational loads) determine the size of bearings
in space mechanisms. Bearings need to be
preloaded to prevent ball skidding by applying an axial force to one ring relative to the
other to maintain the contact angle. This
preload can be “soft” (applied by springs)—
or “hard” (created by machining the mating
surfaces of bearing pairs such that a preload
is created when the pairs are compressed
together). Hard preload is often required
to provide maximum stiffness (rigidity) of
the rotating system. The challenge of hard
preload is that variations in temperature
can drastically change the preload, affecting both friction torque and lubricant life.
Bearings in space vehicle mechanisms are
passively cooled, so the preload must be
carefully chosen.
Over the years, Aerospace has developed
internationally respected expertise in ball
bearing design, analysis, and testing. For
example, Aerospace has developed several
software tools to analyze bearing designs.
One such program, called BRGS, enables
the assessment of preload, stresses developed, and nominal torque as a function of
launch and orbital conditions. This program
has been the primary tool Aerospace uses to
evaluate bearings and to aid in redesign.
Another program, Motion, works with
BRGS to assess the effect of manufacturing imperfections on the vibration disturbances generated by bearings. Originally
written to determine the sources of noise
in momentum-wheel bearings, Motion
was used successfully to identify a onceper-revolution defect of a control moment
gyroscope bearing ring that was caused by
improper stress relief after a machining
operation. Recent updates of Motion also
feature Monte Carlo analyses of permitted
geometric variations in bearing balls and
rings. Combined with knowledge of the
space vehicle structure, bearing-generated
vibration levels at payload sensors can be assessed. Because these programs also require
knowledge of the bearing temperature and
its environment, another program called
DYBA (Dynamic Bearing Analysis) was
developed. It also uses BRGS as an engine
and is currently being upgraded to extend
its use throughout the industry.

This slip-ring test facility measures the properties of sliding electrical contacts to gain insight into materials’
performance and the impacts of storage and operational environments. Slip-rings are used to transmit power
and signals through rotating interfaces.

Drives and Pointing Mechanisms

Drive mechanisms provide the motive force
or torque for space vehicle mechanisms.
There are two common types of drive
mechanisms: those using springs or other
stored-energy devices, and those using electric motors. Both can be used for rotational
and translational movement. Compression
and tension/extension springs can be used
to impart energy for short linear travel. Torsion springs are often used for rotational
motion.
For applications needing a more uniform
torque or force throughout the range of
travel, constant-force or constant-torque
springs can be used. These springs have a
force or torque output that is nearly constant throughout the range of motion. Electric motors are typically used in deployment
systems where greater control is required
or where repeated usage is planned, such
as deployment, restowing, and redeployment. Motors can be used in direct-drive or
geared configurations, and in axial or rotary
applications. Spring-driven mechanisms
often incorporate rate-limiting devices to
avoid potentially harmful velocity buildup
toward the end of travel. Common ratelimiting devices include viscous and eddy
current dampers.
Viscous dampers generally consist of a
sealed housing containing a high-viscosity
fluid. Also inside the housing is a rotating vane, with very small clearances to the

housing. As the vane is moved through the
fluid, the friction of the fluid passing between the vane and housing, or sometimes
another control orifice, provides resistance
to the motion. The fluid resistance is
proportional to the speed of rotation, and
thus the damper provides more resisting torque as deployment speed increases.
Eddy-current dampers use the reverse
principle of an electric motor. Motion of a
rotating or sliding shaft of conductive material through a magnetic field generates eddy
currents. These currents create a magnetic
field of their own, due to the shaft motion,
but in the opposite direction, causing a
repulsive force. The eddy currents dissipate
into heat through the resistance in the
conductive material, causing the system to
function as a viscous damper equivalent.
Some devices, such as antennas, telescopes, or scanning mirrors, must be able to
slew, in some cases rapidly, from one point
to another and to stop at a specific location
with great accuracy. These devices employ
precise, robust drive systems comprising
precision bearings, motors, position sensors, and feedback control loops. Antennas
are usually required to track a ground station or other orbiting satellites (such as the
Tracking and Data Relay Satellite System,
TDRSS) to maintain communications. This
mode can require fine, continuous adjustments to the antenna gimbals. In addition,
the antenna may be required to slew quickly
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vehicle technologies, the design goal of
most space vehicles is now ten years (and
even longer for some interplanetary missions). To acknowledge this new trend,
the new standard recommends testing at
1.5 times the design life for high-cycle
mechanisms whose testing cannot easily
be accelerated, though twice the design
life is preferred. Of course, many satellites—such as DMSP, DSP, and GPS—that
were originally designed for a service life
of three years have often operated successfully for ten years and beyond; if design
life goes to ten years, testing will become
impractical, and engineering judgment will
be even more critical. The new standard
also has guidance for newer restraint and
release mechanisms and bearing materials
that have entered into practice since the late
1980s and that were not addressed in earlier
standards.
James Kirsch operates the slip-ring test facility for a vacuum performance test.

over large angles to move from one ground
station or space vehicle to another as the
line of sight changes. Telescopes are usually
not required to slew quickly but have tight
pointing requirements. Two-axis gimbals
are commonly used, with their orientation
and configuration selected according to the
telescope or antenna requirements. Sensor
mirrors may have the highest slew rates and
precision tracking requirements. These, in
turn, impose severe requirements on drive
system stiffness, position knowledge, and
control. In contrast to one-time deployment
mechanisms, pointing mechanisms must
operate for the life of the space vehicle. This
longevity requirement places a high emphasis on adequate lubrication and properly
selected and installed bearings. Aerospace
has often assisted contractors by running
life tests of the proper duration and in the
correct environment when they did not
possess sufficient resources to do so. In addition, proper balancing is important for
high-speed or high-inertia devices to avoid
jitter, as is eliminating backlash in precision
pointing devices.

Best Design Practices

Throughout the years, Aerospace has contributed to, and often coauthored, many of
the documents that have captured evolving design knowledge and best practices to
ensure reliable operation of space vehicle
mechanisms. The most important of these
was the military specification MIL-A83577, Moving Mechanical Assemblies
for Space and Launch Vehicles, which was
canceled by the Department of Defense
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in 1996 as part of the trend of “acquisition
reform.” In the years to follow, it became
clear that this created a situation in which
the government and Aerospace encountered
increasing difficulty in judging adequate
compliance to best engineering practices
during the acquisition of new systems.
Actual hardware failures occurred with increasing regularity. Under the direction of
the Air Force Space and Missile Systems
Center, Aerospace composed a Technical
Operating Report (TOR) in 2004, based
heavily on the canceled military specification, to serve as a stopgap guidance document for several upcoming acquisitions.
This TOR became the starting point for a
new AIAA standard developed by a committee of industry experts led by Aerospace.
The new standard, AIAA S-114-2005,
Moving Mechanical Assemblies for Space and
Launch Vehicles, was issued in 2005.
The AIAA standard, though based on
the older military specification, contains
new information that reflects the development of technology since the 1980s. One
example is life testing of moving mechanical assemblies. The original standard required that new mechanisms be qualified
by a ground life test for twice the operation
cycles expected in orbit. One difficulty with
that requirement is the lack of an acceptable method to accelerate the life testing of
lubricated mechanisms operated continuously, such as a momentum wheel, because
operational speed affects the efficacy of the
lubricant. In the 1980s, the typical design
life of a space vehicle was three to five years;
however, thanks to improvements in space

Conclusion

Moving mechanical assemblies are not the
only enabling technology for space and
launch applications, but most of the functions performed by spacecraft and their
boosters depend on mechanical assemblies
to work. As technology advances and the
push for space performance grows, new and
innovative means to package, release, deploy,
and latch payloads will be required. On
the other hand, the longer missions made
possible by these technological advances
will render impractical real-time life tests
of moving mechanical assemblies. Mission success will depend more heavily on
accumulated knowledge and the ability to
use computer simulations to model system
loads, performance, and life. Understanding the potential system limitations related
to the design and materials, coupled to the
expected operational conditions, is key to
ensuring that spacecraft mechanisms are
not the life-limiting systems on spacecraft.
Further Reading
AIAA S-114-2005, Moving Mechanical Assemblies
for Space and Launch Vehicles (AIAA, Reston, VA).
NASA Space Mechanisms Handbook (NASA
Glenn Research Center, Cleveland, OH).

Tribology Data Handbook: An Excellent Friction,
Lubrication, and Wear Resource (Taylor & Francis/CRC Press, Boca Raton, FL, 1997).
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Smooth Moves:

Tribology in Action
Space system designers must minimize friction and wear in moving parts
without losing lubricants to the vacuum of space.
Paul Fleischauer, Steve Didziulis, and Michael Hilton

T

ribology is the study of friction, wear, and lubrication
of surfaces in sliding or rolling contact. Tribology is
a source of particular concern for space system designers because the space environment affects lubricants and
therefore constrains the design and, potentially, the functionality of spacecraft mechanisms.
The importance of tribology can best be illustrated by
comparing the lubrication needs of an automobile with those
of a spacecraft. For example, a typical automobile engine
operating 10,000 miles per year undergoes approximately 25
million cycles of operation per year. In contrast, the antennapointing mechanism on a spacecraft might undergo 30 million cycles per year, an optical scanner 200 million cycles per

year, and a control moment gyroscope more than a billion
cycles per year. The repeated mechanical, surface-chemical,
and thermal forces in a car engine eventually break down
the lubricating oils, and the same is true for the lubricants
aboard spacecraft. Unlike car engines, however, these mechanisms must operate for several years without the prospect of
an oil change.
Recognizing the importance of tribology, Aerospace has
developed considerable expertise in the science of tribology
and in the design of spacecraft mechanisms requiring lubrication. Aerospace researchers have also conducted landmark
studies and tests of lubricants and materials over the years.
This work has led to major contributions in the performance
and successful operation of mechanisms on practically every Air Force launch vehicle and satellite program.

Lubrication Types

Jeffrey Lince prepares to make pin-on-disk friction and wear measurements. This testing is performed to measure the sliding coefficient of friction between two materials under ambient or purged atmospheres.

Mechanisms on spacecraft range from those that move
once to those that rotate billions of cycles. They may be
exposed to cryogenic temperatures or to temperatures well
over normal ambients on Earth, and typically must operate
with no vibration-induced noise. So, the lubricants employed must provide protection over a wide range of operating conditions and must do so with little or no chemical
and physical degradation. Also, to prevent evaporation into
the space vacuum, lubricants on space systems must have
low vapor pressures or be otherwise physically contained by
the design of a given mechanism.
In the early years of the space program, it was believed
that lubrication of mechanisms for operation in the vacuum of space must be done with nonvolatile solid materials
such as graphite. But it was soon discovered that graphite
lost its lubricating properties in vacuum because of the loss
of adsorbed gases. Alternative compounds with similar lamellar structures—that is, with crystallographic planes that
move or slide over one another—soon replaced graphite,

Research associate Sandra Jackson injects an oil sample into the Supercritical Fluid Chromatograph. This
instrument has been widely used to evaluate oil purity and to assess the impact of exposure to vacuum and
tribological function on the molecular weight distribution of liquid lubricants.

providing effective lubrication without the
assistance of Earth’s atmosphere.
One of those compounds was molybdenum disulfide (MoS2). This solid lubricant
is composed of two-dimensional sheets
that are held together by very weak forces
perpendicular to the planes. Nanocrystals
of MoS2 slide past one another with extremely low resistance, providing friction
coefficients below 0.01 in vacuum. During
those early years, Aerospace conducted
numerous laboratory tests and studies of
MoS2 in conjunction with NASA, the Air
Force, Naval Research Laboratories, and
contractors to determine its optimal coating
conditions and understand its attributes and
limitations.
Today, dry-film solid lubricants are used
on most deployable mechanisms, many
hinges, pivots, latching devices, and on some
gimbals and low-cycle bearings and bushings. Materials like steel and titanium alloys are provided with surface coatings that
include both hard antiwear coatings, such
as carbides and nitrides, and soft lubricating
films, such as slippery solids or oils. Some
ceramic materials can also provide some
degree of self-lubrication. Nonetheless,
lubricating oils patterned after those used
in the automotive industry are necessary
for the operation of long-term, high-cyclelife precision bearings, such as those used
in reaction and momentum wheels, despin
mechanisms, and many scanning sensors.
The two basic types of oil lubricants
are mineral (refined from crude oil)
and synthetic (derived from natural gas
components). In the early 1960s, a super
refining process was developed involving
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the molecular distillation of mineral oil
into different viscosity grades for use in
high-precision bearings like those found
in mechanical gyroscopes and momentum
wheels. The oils that developed from this
process were superrefined gyroscopic fluids, known as the “SRG” series. These oils
were assigned numerical designations (e.g.,
40, 60, 80) that indicated their viscosity
at 100˚F. For many years, these oils were
considered the gold standard for precision
space mechanisms, and oil companies began
to produce similar products under different
trade names.
Synthetic oils were first produced in the
late 1970s but were not accepted in either
automotive or space applications until the
late 1980s and early 1990s. An interesting
fact about these oils is that in their pure
state they do not interact with the seals in
motors and gear assemblies; so, to prevent
leakage and loss of the oils, it was necessary
to blend them with other molecules (polyesters) that would swell the seals and stop
leaks.

Testing

One of the earliest lubrication tests Aerospace conducted on mechanisms and bearing systems involved a despin mechanical
assembly (also known as a bearing and
power transfer assembly) for the Defense
Satellite Communication System program
(DSCS II). In this case, the contractor
had planned a seven-year life test, and
Aerospace wanted to use this opportunity to develop a predictive tool for future
system design and operation. The test was
configured so that the movement of oil

throughout the entire mechanism could
be measured by tracking the movement of
isotopically labeled additives placed at different locations of the ball-bearing system.
The results of this test were somewhat unexpected: The actual migration of oil within
the device could not be demonstrated. In
fact, the additives pretty much remained in
their original locations. But this early test
laid a firm foundation for future efforts that
have helped resolve many anomalies in a
variety of mechanisms for many different
spacecraft programs.
Although the oils being used during this
time were superrefined and of high quality, they still had vapor pressures higher
than the pressure (vacuum) of surrounding space. As a result, the most common
problem affecting precision instruments in
space was a loss of sufficient lubrication and
degradation of the remaining oil because of
heat generated through friction within the
bearings. When a lubricant breaks down,
the molecules either break apart and evaporate, or they react to form polymers and
high-molecular-weight molecules (typically known as sludge or varnish). These
“gummy” materials can react with metal
surfaces, causing wear, or they can deposit
on the contacting surfaces, increasing friction. The increased friction raises the contact temperatures and causes more reaction
of the lubricant, resulting in a “death spiral”
toward catastrophic failure.
This problem was effectively mitigated
through sophisticated engineering techniques that minimized oil loss by supplying
bearing cartridges with vapor or liquid oil.
Aerospace scientists developed models for
predicting the loss rates of oils—and thus,
life expectancy of mechanisms—depending on measured vapor pressures and the
partitioning of fluid mixtures over the life
of a mechanism. Also, NASA and the Air
Force sponsored programs to develop less
volatile and less reactive synthetic oils based
on fluorocarbon technology, which provided
longer residence times within mechanisms.
Fluorocarbons are made by similar processes as synthetic hydrocarbons but with
different starting materials. These new
fluids had excellent properties for thermal
management, and continue to be ideal for
lubrication where oil films separate rolling
or sliding surfaces with very little solid-tosolid contact. (A good example is the harddisk drive, where the head literally flies over
the disk surface with no direct contact.)
However, these oils could not be formulated with antiwear and antifriction additives (because the additives would not dissolve in the oils), making them unsuitable

for most high-precision bearings with long
life requirements, especially when the rolling contacts had some degree of asperity
or microroughness. Aerospace once again
began testing the properties of these and
other fluids to find solutions to demanding
mechanical applications.
One of these studies involved the Operational Line Scanner for the Defense Meteorological Satellite Program (DMSP). In
this case, the original manufacturer discontinued the bearings that were used for the
support gimbal in the scanner. When new
bearings were purchased from a different
supplier, the silicone lubricant that had been
used for the old bearings proved inadequate
for them. (Even though the new bearings
were fabricated to the same specification as
the old ones, they apparently did not have
the same surface-chemical or mechanical
tolerances and could not be made to the
same high-quality standards.) A synthetic
fluorocarbon lubricant, known as perfluoro
polyalkylether (PFPE), was examined as
a replacement. Aerospace conducted tests
that demonstrated minimal improvement
with this oil, and recommended a new
synthetic hydrocarbon oil, polyalphaolefin
(PAO). Rigorous tests were conducted at
Aerospace that simulated the conditions
of the gimbal and showed that the PAO
oil would provide a substantial life margin
for the scanner. The new bearing-lubricant
combination increased the operating life of
the Operational Line Scanner by a factor of
two or more, resulting in other subsystems
becoming life limiting.
The successful demonstration of PAO
oils for DMSP opened the door for their
use in many other Air Force mechanical
systems. For example, during prelaunch
testing for another government program,
the satellite reaction wheels exhibited erratic torque signatures. The satellites had
been stored on the ground for a number of
years before this testing. When the wheels
were disassembled, engineers found that the
spin bearings were practically dry because
the original SRG 40 oil had migrated and
evaporated from critical interface areas. Because of previous testing experiences, Aerospace was able to recommend an appropriate PAO oil and quickly conduct tests that
showed its superiority over the existing oil
and other potential candidates. The wheels
were refurbished with the new oil, and the
reaction wheels ended up exceeding their
expected mission life. In turn, many of these
satellites far exceeded their design lives.
Other studies have shown that the test
environment of a device—whether in air,
vacuum, or inert gas—can substantially

James Helt manipulates samples for analyses within an ultrahigh vacuum, variabletemperature scanning probe microscope. This instrument can probe friction and wear
phenomena on the atomic and molecular scale, providing fundamental insight into
these properties. The inset shows the atomic-scale structure that develops when a solid
lubricant containing MoS2 undergoes sliding contact with the microscope probe tip.

alter that device’s performance and life. For
example, in the case of MoS2, humid air can
attack the lubricant, causing adverse affects.
On the other hand, in the case of thin films,
some amount of oxygen can improve the
overall behavior by strengthening the bonds
between lubricants and surfaces. Aerospace
has recommended low relative humidity
levels for storage, and eliminating moisture
during testing, of most devices that are
lubricated with MoS2. Aerospace has also
participated in work to develop doped or
multicomponent coatings based on MoS2
that have less sensitivity to humidity and
other environmental variables, such as contact loading and operating speed.
Today, many hybrid bearings are made
from a combination of high-strength steel
rings and silicon-nitride ceramic balls. This
combination is particularly robust, because
the use of dissimilar materials at tribological interfaces helps prevent unwanted surface-chemical reactions—for example, the
induced adhesion (cold welding) that can
exacerbate surface wear in some metal-onmetal designs. On the other hand, the use
of dissimilar materials presents greater challenges for lubrication. Aerospace has conducted metallurgical and tribological tests
of different steel-ceramic combinations
and used ball-bearing models to help determine the best lubrication system for this
configuration. A type of synthetic oil, multiply-alkalated cyclopentane, has been used
in combination with hybrid bearings to

produce high-speed control moment gyros.
This oil, Pennzane, is a hydrocarbon—as are
PAOs and mineral oils—with remarkably
low vapor pressure; it’s also suitable to carry
space-proven antiwear additives and can
be formulated into greases with predictable
properties, making it the present standard
for effective space lubrication. Unit tests
conducted at a momentum-wheel supplier’s
facility demonstrated that hybrid bearings
lubricated with Pennzane have achieved
high reliability and long life.

Conclusion

The success of these and other tests for the
design and lubrication of moving mechanical assemblies are the results of a synthesis
of testing philosophies with increasing
knowledge of surface-chemical and physical phenomena. Aerospace maintains many
analytical instruments for the study of
surface science, and has applied these techniques to many problems in tribology, such
as the effective use of antiwear additives in
oil formulations and the performance of
solid lubricants under a variety of operating
conditions.
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Holding It All Together:
Space Structures

Space structure design is characterized by an almost fanatical concern with
reducing weight, accommodating diverse loads, and facilitating integration
with other subsystems.
Eric Hall

B

eneath the shiny exterior of any space vehicle is the
subsystem that holds it all together: the structure.
Most easily envisioned as the skeleton, the structural
subsystem forms the framework for the space vehicle and
provides attachment points for all other subsystems.
The design goal for a spacecraft structure is simple in
theory: provide enough material to carry expected loads with
enough stiffness to maintain the relative position of attached
components. In practice, the process is complicated by the
need to minimize weight, accommodate diverse and unique
loads and environments, and achieve a high degree of integration with other subsystems.
The development of a space structure is a long and complex process that involves many design iterations. There is a
large penalty for mistakes, so a process to periodically review
and assess the maturity and completeness of the design
from an independent perspective is essential. Aerospace
serves this function on many space programs. Drawing upon
longstanding expertise in conceptual design, design criteria,
structural analysis, material characterization, and large-scale
structural testing, Aerospace has developed and tailored
the theoretical methods and analytical tools of structural
mechanics to tackle the challenges of structural design over
the life cycle of a space vehicle.

environment is particularly stressful, exposing structures to
a variety of forces, including inertial loads from atmospheric
flight and dynamic excitation, acoustic pressure, staging and
separation shocks, and depressurization as the vehicle leaves
the atmosphere. On-orbit loads can also present unique
challenges; although the basic mechanical loads are minimal, large thermal loads can cause static deformation, and
radiation can cause material degradation. So, the first step
in the structural design process is to estimate the maximum
expected loads and environments.

Basic Concerns

Space-system structures are ultimately assessed in terms of
strength, stiffness, and stability. The science in space structure design is in understanding the expected environment,
identifying all potential failure modes, and quantifying how
much capability exists in a structure relative to its expected
environment.
One of the core technical missions of Aerospace is to
characterize the loads and environments that affect a space
vehicle during its life. Space structures can be extremely
delicate, and even simple handling, transportation, and
deployment testing can cause severe damage. The launch

The classic form of a space vehicle structure includes a stiff central truss
or cylinder (shown in magenta) that has a direct connection to the launch
vehicle adapter and lightweight panels (blue), which carry and enclose
other subsystems. Solar arrays (green) and large payloads are mounted
on the exterior.

Next, the theoretical methods of structural mechanics are applied to determine
whether a particular configuration will
survive without damage. This assessment is
typically rendered in terms of a load margin,
which represents the increase in load that
a structure can tolerate before reaching a
limiting condition such as permanent deformation or rupture. Statistical limits are
typically determined through various test
methods and are represented in terms of
an “allowable”—the load at which a given
structure can survive with a given certainty.
Aerospace supports this process through
extensive work in characterizing known
failure modes and identifying new failure
modes in advanced materials.
One complication in this process is that
the structure is a dependent subsystem, and
its requirements are typically traceable not
to mission requirements but to a flow-down
of requirements from other subsystems.
For example, the forces that a structure
must carry depend on the mass of all of the
subsystems that it supports, including the
structure itself. On top of this, the loads
that a structure experiences during launch
are dependent upon the design of that
structure. A further complication is that the
dividing line between structures and other
subsystems can be ambiguous in a highly
integrated system such as a space vehicle.
Thus, the design process is highly iterative
and requires a conservative approach to

A well-learned lesson
is that cost savings
from shortcuts in
the verification
program are easily
destroyed by the
cost of an anomaly
investigation.
prevent drastic fluctuations as the design
matures. Aerospace has documented best
practices for managing such conservatism in
guidelines such as TOR-2003(8583)-2894,
subsequently published as AIAA Standard
S-110-2005, Space Systems—Structures,
Structural Components, and Structural
Assemblies.

Theoretical methods and computer models enable the simulation of structural response. Here, Matthew
Keough investigates a sensor platform deformed by dynamic loads. These simulations are also used to identify
the areas of a structure most susceptible to failure.

Unique Considerations

The inherent difficulty and complexity of
spaceflight presents unique challenges for
the structural designer. In particular, the
designer must address stringent volumetric
and mass constraints, the need for autonomous operation in a harsh environment, low
production rate, cost constraints, and risk
avoidance.
The size and mass of a space vehicle is
naturally constrained by the launch vehicle.
Every pound is critical, so designers seek to
reduce mass to the absolute minimum. The
desire to minimize mass runs contrary to
the desire to maximize structural integrity.
Reconciling these two conflicting goals
typically results in designs with low margins
for strength. As a result, even prelaunch
handling loads can be significant. Similarly,
volumetric limitations constrain the geometric layout of structures and can lead to
undesirable load paths.
A space vehicle must perform without
maintenance for a long period in a harsh
environment. On orbit, vacuum causes
the release of trapped gases from organic
materials and induces stress in components
that have unvented volumes. Radiation can
cause material degradation, and extreme
temperature fluctuations create large internal stresses and geometric distortions. These
considerations limit the materials available
to the space structure designer and can influence the basic configuration.

Many space vehicles are unique, and even
large constellations are built at a rate of only
a few vehicles per year. This means that, in
essence, each structural design is unique,
and must be tested rigorously to demonstrate adequacy for each new mission. Requirements can change during a long development period, and technology can advance
between production of satellites in the same
series. For this reason, even satellites in the
same constellation are generally not identical, and old designs cannot simply be reused
for new missions.
Pressure to control cost can limit the
selection of materials, launch vehicles, and
methods for verifying structural integrity.
Cost trades are an essential part of the design process, and there is always pressure
to reduce manpower, production time, and
complexity. However, a well-learned lesson
is that cost savings from shortcuts in the
verification program are easily destroyed by
the cost of an anomaly investigation.
Space mission planners are loathe to add
risk to an already risky endeavor, especially
for important national security space missions. A conservative approach is therefore
favored. Flight-qualified technology is
preferred, and tangible evidence is required
before new technology is considered. All
flight systems undergo extensive testing,
and small modifications (such as changing
a material supplier) can trigger the need
for requalification. For some programs, the
design cannot be proven until the vehicle is
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Sound Engineering
Although structural failures in flight are quite rare, failures in test are still fairly common,
and have seemingly increased in recent years. Such failures typically lead to costly and
time-consuming repairs, redesigns, and retests—but designers can minimize these problems
by following sound engineering principles. In particular, Aerospace recommends that
structural designers:
• anticipate future program needs and design the structure and qualification test in a
robust manner that will minimize the need for redesign and retesting;
• fully coordinate the design and test planning activities among the various disciplines;
• provide adequate time in the development phase to identify and correct manufacturing problems before the qualification article is built;
• carry appropriate margins and uncertainty factors in preliminary loads and environmental predictions;
• fully document the analysis and provide adequate time for review prior to testing
(because simplified assumptions are easily forgotten);
• pay close attention to changes in requirements, design, or manufacturing processes
made after qualification and carefully review the need to retest.

on orbit and operational. Thus, there is high
demand for analytical simulations and tests
of space structures to manage and mitigate
potential risks.

The Development Process

The designer of a space vehicle structure
usually begins with just a few parameters,
perhaps only supported mass, design load
factors, volume, and overall system mass.
From this starting point, the designer follows an iterative process of design, analysis,
and assessment. The level of fidelity increases with each new iteration until finally,
flight-qualified hardware is available for
launch. Throughout this process, Aerospace
applies various analytical tools to verify
the adequacy of structural designs. Some
of these specialized tools do not exist elsewhere in the industry—for example, tools
for progressive damage analysis of hightemperature composite applications and fatigue assessments of electronic components.

Conceptual Design

The first step in structural design is to develop a concept that can be used for mission
and payload trade studies. The goal is to
assess the structural feasibility in terms of
size, weight, power, cost, and technology. A
general configuration is proposed based on
defined requirements including size, weight,
volume, fields of view, payload geometry,
survivability, and service life. Typically, a
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similar spacecraft is used as a template to
produce a weight breakdown and component list that will ultimately be used to
derive subtier requirements for specific
structural elements. Structural members are
sized using similarity and empirical or analytical relations that include some margin
for growth and allow sufficient flexibility to
accommodate alternate designs. Typically,
what is needed is a mass estimate for the
primary structure and deployables, a layout
of spacecraft mass distribution and inertia,
and a size budget for the solar, radiator, and
payload panels.
At this point, key decisions focus on the
development approach (old or new design?),
the general shape of the primary structure
(thrust cylinder or truss?), the class of materials required (metal or composite?), and
configuration changes (fixed or deployable
components?). These are determined by
means of historical data, rules of thumb,
hand calculations, and spring-mass models.
Various configurations are typically simulated to establish weight budgets in support
of trade studies. The analytical simulations
also enable the designer to gain insight into
the major design issues and to identify the
greatest risks.

Requirements Specification

Once a baseline configuration has been
established, it is possible to continue the
requirements allocation process through

the flow-down of subsystem requirements.
In the structures area, iterative allocations
of key parameters such as loads, operating
temperatures, and component stiffness are
evaluated. As allocations mature, a significant number of studies are performed to
assess high-level trades (such as cost versus
performance) and low-level trades (such
as minimum frequency versus structural
weight). The structural designer then translates the resulting requirements into design
goals or directives—for example, to transfer
the accelerations necessary for orbital insertion to all space vehicle components, to
maintain the alignment of all components,
to provide environmental protection for
equipment, and to provide a foundation for
deployables. As the design matures, these
design goals become requirements for individual structural elements.
The designer begins to specify the component forms, such as honeycomb panels,
truss tubes, solid shells, solid panels, tubes,
brackets, and flexures. Analytical simulations are valuable at this stage not only to
assess the design but to ensure that the
allocated requirements are reasonable and
achievable. An assessment is typically made
regarding the satisfaction of the major
structural requirements—mass, geometric
constraints, stowed volume, dynamic envelope in the launch vehicle fairing, component and system stiffness, on-orbit stability,
and stress margins.

Preliminary Design

Once a baseline vehicle configuration has
been established, the structural designer will
assess structural load paths, refine specifications related to subsystem geometry and
interfaces, and further define the dimensions of structural elements. The greatest
emphasis is on the “quasi-static” loads
related to inertial loading and steady-state
aerodynamic forces encountered during
launch and ascent. These loads typically dictate the size of structural members, the type
of failure modes, and the allowable mass
distribution and center-of-gravity location
for the vehicle in the stowed configuration.
Other priorities would include dynamic
considerations, such as the fundamental frequencies for the entire vehicle and selected
structural elements such as equipment
panels. The on-orbit thermal environment
can also be a significant factor in material
selection, joining techniques, and subsystem
interactions. Secondary design drivers may
include manufacturability, ground handling,
damage tolerance, testability, the radiation
environment, micrometeoroids, on-orbit
geometric stability, material degradation,

Finite-element models,
such as the one shown
here, are used extensively in the design phase.
They help the structural
designer specify the materials, form, and dimensions for major structural
elements.

fracture control, gravity deformation, and
contamination.
In developing a preliminary design, the
structural designer must assess the feasibility of mass allocations, subsystem interfaces,
and the potential manufacturing approach.
The objective is to develop element designs
by specifying the materials, form, and dimensions for major structural elements. It
is also important to assess the structural
performance relative to allowables, dynamic
response, and fundamental frequencies. At
this stage, it is also important to consider
the verification approach, design sensitivities, failure modes, and long-lead procurements. Other intangible criteria are also assessed, including analyzability, accessibility,
inspectability, testability, and reliability. An
important step in this process is to clearly
define the responsibility for mechanical
design of interfaces.

Detailed Design

As the design coalesces, the focus will shift
from design to analysis. Designs are refined,
and comprehensive finite-element models
are developed for both stress analyses and
coupled-loads analyses. At this point, the
focus is on detailed simulation of the structural response to loads. The goal is to identify failure modes, failure loads, and elastic
responses. As the design matures, more
detailed analyses may refine the launch and
ascent loads. Similarly, multidisciplinary
analysis may be used to explore and iterate
allocations with other subsystems.
By the end of the detailed design phase,
the structure will be specified down to the
component level, including the specific
nuts and bolts, preloads, material specifications, and manufacturing and assembly
tolerances. All of these will be captured via
design drawings, which can now be released
to manufacturing. All structural margins
have been fully assessed, and all assembly,

integration, and test details will be fairly
mature, including test fixture designs, offload fixture designs, alignment procedures,
and allocated facilities.

Integration, Test, and Verification

Demonstrating structural integrity is critical, but it is impractical to fully simulate
a launch during ground testing. Thus, the
standard practice is to separate the test and
evaluation process into discrete tests that
apply the most stressful conditions to various levels of assembly. The launch and ascent loads are most relevant to the primary
structure and are traditionally simulated
by applying static loads to the structure
that envelop predicted inertial loads. Vibro
acoustics are most important for large,
lightweight panels and compact electronics,
and these are tested by exposure to direct
(acoustic) or transmitted (base-shake) vibration. For some structures, such as propellant tanks, pressure loads can be critical, and
internal pressurization is usually achieved
using water and ullage pressure. Structures
that are sensitive to thermally induced loads
can be tested using heating blankets or
cooling systems. What’s important is to ensure that all of the critical structural failure
modes are adequately tested.
The goal of the test program for launch
and ascent loads is to accurately, yet conservatively, simulate the expected structural
loads. The challenge is that the loads themselves are dependent on the design of the
space and launch vehicles, and therefore the
process is by necessity iterative. The test and
evaluation process must reflect this iterative
nature and include a combination of analyses and tests. Structural tests have three
objectives: to obtain data for model correlation, to qualify a structural design, and
to verify the adequacy of flight hardware.
As for the second objective, it has become
fairly common industry practice to consider
structural qualification by analysis only, with
higher design factors of safety, as an equal
alternative to full-scale qualification testing.
Aerospace does not support this approach
for primary structures; not only does it increase weight, it also increases risk (in spite
of the higher factors of safety) through the
introduction of analytical unknowns. It also
precludes the opportunity to learn from the
test. Even successful tests can identify potential design and manufacturing flaws and
lead to significant product improvements.
There is no technically equivalent substitute
for testing in the flight configuration.
Safety and structural reliability considerations mandate proof or acceptance
testing of many structures. Acceptance

and proof tests are similar to qualification
tests, except that they are performed on
flight hardware to verify workmanship or
capability. Pressure vessels and pressurized
structures commonly require proof testing,
and other structures that should be proof
tested whenever possible include fracturecritical fittings or bolts, bonded structures,
and composite structures. Proof testing of
these structures adds a measure of protection against defects and damage introduced
through manufacturing and assembly. Acceptance tests may require only nominal
loading to screen out poor workmanship or
preclude a hazardous condition. Proof tests
always require that the flight structure be
subjected to at least the maximum expected
load.

Summary

Structural failures in flight are quite rare in
large part because of the tradition of welldesigned structural tests in conjunction with
rigorous loads and strength analysis and
vigilant quality control; however, failures
in structural test are still fairly common,
as are costly and time-consuming retests
necessitated by postqualification deviations.
Following sound engineering principles can
help minimize these problems.
New technology continues to improve
space structures, but the use of new technology is no substitute for a rigorous development process. For example, advanced
composites have replaced metals as the
structural materials of choice because they
offer numerous advantages in terms of
weight, customization, and reduced part
counts; however, their use often adds complexity and uncertainty to the development
and qualification processes. Although advanced finite-element analysis has exposed
a number of behaviors and failure modes
not previously considered, mistakes are
made every day in the application of complex computer tools. The structural designer
must always fall back on good engineering
judgment to build a solid skeleton for space
vehicles.
Further Reading
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Why Is It Difficult to Predict
Mass Growth on Space Programs?
Despite the correlation between system mass and mission cost, program
managers lack tools and data for accurately predicting mass properties
growth. Aerospace is working to redress this deficiency.
Richard Sugiyama and Louis Yang

P

redicting the mass of a space vehicle from conceptual
design through final development is a complex and
difficult task. Virtually every space vehicle experiences
mass growth over time, yet engineers still lack a means to
accurately predict, determine, document, and regulate this
growth.
It would be difficult to exaggerate the importance of
mass on a space vehicle program. Anticipating propulsion
needs, figuring attitude determination, documenting control
analysis—none of this can begin without knowledge of the
vehicle mass. Further, an accurate prediction of space vehicle
mass properties lays the foundation for effective space vehicle
design, whereas an inaccurate prediction can lead to a vehicle
that cannot achieve stability or meet its performance goals.
Aerospace has been working to produce better models
to predict the evolution of space vehicle mass properties.
A large part of this work entails the systematic study and
documentation of mass data from past space programs. Additional efforts will focus on parsing the collected data to
reveal relationships among factors that contribute to mass
increase.

Mass Properties:
Basic Parameters and Principles

A space vehicle can be mathematically characterized by a
set of parameters that describe the distribution of mass in a
rigid body. These parameters include mass, center of mass,
moments of inertia, and products of inertia.
Mass is a measure of the amount of material in a body.
Unlike weight, which is determined by gravity, mass doesn’t
change with a body’s position, movement, or alteration of
shape. The center of mass is a specific point at which the total system mass behaves as if it were concentrated. The center
of mass is a function only of the positions and masses of
the particles that comprise the system. In the case of a rigid
body, the center of mass is rigidly fixed. In the context of a
uniform gravitational field, the center of mass is sometimes

called the center of gravity, because the net gravitational
torque on a system is equal to the torque resulting in the
system’s weight applied at the center of mass. The center of
mass of a system of particles is defined as the average of their
positions weighted by their masses. If an object has uniform
density, then its center of mass is the same as the centroid of
its shape.
One property of mass is inertia, the resistance to being
put in motion and the tendency to remain in motion once
set in motion. Moment of inertia, also called mass moment
of inertia, quantifies the rotational inertia of an object, i.e., its
resistance to changes in rate of rotation. The moment of inertia of an object about a given axis describes how difficult it
is to induce an angular rotation of the object about that axis.
Product of inertia is defined as the sum of the product of
each element of mass by the perpendicular distances from
two specified orthogonal axes. Nonzero product of inertia
values can be a measure of a body’s dynamic (or coupled)
imbalance resulting in a precession when rotating about an
axis other than the body’s principal axis—that is, the body
tends to wobble when rotating. Usually, products of inertia
are defined with respect to the object’s center of mass. The
intrinsic inertia properties of a rigid body do not change
with orientation; however, the values of the moment of inertia and product of inertia are dependent of the orientation of
the body with respect to axes of the coordinate system used
to describe the inertias.
Determination and control of these mass property parameters is vital to the launching and on-orbit stability of space
vehicles.

The Knowledge Gap

Historical data indicate that half of the mass growth experienced on the average space vehicle program occurs between
program start and the program preliminary design review.
There is a direct correlation between system mass and mission cost, and a significant increase in mass during the

design, fabrication, and build phases may
be a good indicator of a significant increase
in program cost. For example, in recent
years, numerous space programs that experienced significant mass growth during the
early phases of acquisition also experienced
cost growth exceeding 15 percent, thereby
triggering congressional review under the
Nunn-McCurdy law. Subsequent penalties
ranged from program cancellation to reduction in program scope. There is obviously a
lot riding on the early, accurate prediction
of space vehicle final mass. Why, then, is it
so difficult today to predict final mass with a
reasonable level of confidence?
Part of the answer is that most of the
published guidelines and recommendations for managing mass growth are based
on data from programs developed prior to
1990—and the industry, as a whole, has not
increased its knowledge since that time. An
Aerospace study of 21 space vehicle programs from that era showed a mass growth
range of 9 to 53 percent, with an average of
28 percent. All but one of the space vehicles
experienced a steep increase in mass during the initial part of the program. In 1992,
the American National Standards Institute
and the American Institute of Aeronautics
and Astronautics published guidelines for
minimum standard mass contingencies for
spacecraft systems, somewhat consistent
with the Aerospace findings. At the same
time, Aerospace produced three separate
papers examining the factors that tend to
influence space system mass growth. Yet,
little has been done since then to update the
findings or act on the recommendations for
future areas of study—largely because factors such as acquisition reform and industry
consolidation limited any such efforts.
The other reason why growth in mass
is difficult to predict is that the data are
influenced by a number of programmatic
factors (e.g., program maturity, technology
maturity, system complexity, launch vehicle
capability, mission category, etc.), and a
more systematic approach is needed to understand their individual significance. For
example, completely lacking is a quantitative correlation between mass growth and
technology maturity and a simple listing of
the typical causes of mass growth.

Renewed Efforts

Clearly, the industry needs to update its
knowledge of satellite mass growth. To address that need, Aerospace initiated a mass
growth study in 2002 to supplement those
earlier findings with actual data from programs developed during the last 20 years.
The goal was to compile, document, and

Nine Reasons for Mass Change
1. Better definition of the design. As the design progresses beyond the proposal
stage, the design criteria and requirements become better defined, and optimistic
assumptions made during the proposal cannot be justified. These changes are
generally early in the program but prior to drawing release.
2. Out-of-scope changes. Mass can be affected when the customer adds or changes
the requirements for the contracted vehicle beyond the scope of the original
proposal.
3. Redesign. The original component or subsystem design criteria may need to be
changed because of repackaging, failure of a component during testing, effects of
other subsystem changes, etc.
4. Maturing component design. Mass estimates can be affected by improvements in
mass analysis resulting from updates in drawings after original release.
5. Error in previous estimate. The reason for change is an error in the mass
calculations for an original or previous estimate, or for components added that were
erroneously overlooked.
6. Uncontrolled vendor changes. These involve mass changes reported by the
vendor or supplier of hardware in excess of contractual requirements.
7. Mass reduction activity. Mass can change as a result of official mass-reduction
efforts.
8. Measured versus calculated. Mass estimates can reflect the differences between
the actual measured mass of components and the latest calculated value.
9. Cost reduction, added mass. Sometimes, mass increases are incurred to save
money, e.g., by swapping out expensive materials, or by eliminating elaborate machined parts and cutouts.

maintain a database of space vehicle mass
growth information that could be used to
generate better predictions of mass requirements. The study was divided in two phases,
a data collection and documentation phase
and a data normalization and parametric
study phase.
The collection effort focused on a wide
range of government, commercial, and civil
programs that were identified as programs
of interest. Priority was placed on new or
first-generation space vehicle designs and
first vehicles in a significant new block
purchase with increased complexity and
capability. Specifically, researchers sought
historical data pertaining to mass (dry
nominal, dry with predicted growth, wet,
launch), design maturity definition (percent
estimated, calculated, actual mass), and
functional subsystem mass breakdown to
the unit level (mass fraction analysis). At a
minimum, data would be gathered at several
milestones in the procurement process: the
authorization to proceed, the preliminary
design review, the critical design review,

and program completion (defined as final
testing of mass properties, not the launch
date). Additionally, other program variables
(mission type, orbit, power requirements,
battery capacity, pointing accuracy, launch
vehicle, design heritage, etc.) were sought
for future regression analyses to identify the
most important variables or combinations
of variables for predicting space vehicle
mass growth.
The mass properties data collection and
documentation phase is nearly complete.
Aerospace has added 18 modern space vehicle programs to its database, bringing the
total from 21 to 39.
Meanwhile, in a separate but related
activity, Aerospace produced a technical
report, TOR-2005(8583)-3970, “Mass
Properties Control for Space Vehicles,” as
part of an Air Force effort to reintroduce
specifications and standards into the acquisition process. Recognizing the importance
of collecting the proper information to support future mass growth analyses, the new
standard imposes specific requirements for
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Data collected from the 18 space vehicle
programs completed after 1990 showed a
mass growth range of 12 to 106 percent and
an average of 39 percent. That’s worse than
before the era of acquisition reform. Six of
the 18 programs experienced mass growth
greater than 50 percent. In five of these six
programs, the final mass predicted at the authorization to proceed was so grossly under
estimated, one could only conclude that
the proposal estimates were very poor. The
reasons for the poor proposal estimates have
not been analyzed in detail; however, the
most probable causes were overly optimistic
assessment of the hardware maturity (or lack
of design maturity information), proposal
estimates that were not scrubbed for completeness and accuracy, and requirements
that were not fully defined or understood.
Whether these six programs are simply
the products of a flawed acquisition strategy
and are anomalies or outliers is still to be
seen. In any case, SMC’s systems engineering revitalization program is a first big step
toward mitigating the risk of runaway mass
growth on future programs. The lessons
from the initial mass growth studies may
help mitigate the risk of unplanned or un
allocated mass growth on future programs.
Data collected on 14 of the 18 programs
completed after 1990 also showed that the
mass growth algorithms applied industrywide to predict final space vehicle mass at
the start of a program (authorization to
proceed) are not as accurate as would be
desired. Part of the reason is that the algorithms used in the industry do not account
for mass increases due to customer-directed
out-of-scope changes and mass increases
due to errors and omissions in the initial
estimates. Aerospace’s analysis from a very
limited sample of programs estimated
these changes (not accounted for by the
algorithm) at 5–10 percent and 6 percent
respectively. What this may imply is that
additional mass contingency, in addition
to that predicted by the mass growth algorithm, should be held by the contractor or
customer in the early phases of the program.
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Suspension of specifications and standards in the national security space arena may have contributed to
reduced rigor in the oversight and control of mass for at least five major programs in the post-1990 period.

Mass growth (percent)

including mass and mass-maturity information in the contractual mass properties
status reports. The standard further defines
a standardized format for reporting the reasons for mass change. That format lists the
nine most typical reasons for mass change
in a program and captures all the contractor
in-scope changes that reflect the maturation
of the design—including errors and omissions in the original estimate—as well as
customer-directed out-of-scope changes.

Mass Growth Algorithm Effectiveness at Program Start
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The mass growth algorithms used to predict final space vehicle mass at program start, based on assessments of
hardware design maturity, are not accurate enough. Data from 14 of the 18 modern era programs showed that
average mass growth predicted by the algorithm was only 33 percent, and the average growth not predicted
by the algorithm was 67 percent. The mass growth algorithms do not account for customer-directed out-ofscope changes, or poor estimates and hardware omissions, or errors in the proposal estimate.

Future Steps

Aerospace is embarking on the second
phase of the 2002 mass growth study,
which will focus on analysis of the data,
such as mission, acquisition agency, or buspayload mass fraction. Much of this work
will involve analyses to determine whether
parametric relationships exist between
space vehicle mass growth and other program variables. Part of this effort will entail
defining suitable indexes for maturity and
complexity that can be assessed at program
start. Another major task will be to collect
and document the reasons why various programs experienced mass increases.
The results of these analyses could be
used to standardize and fix the industryapplied mass growth algorithms that
underpredict the final mass of the space
vehicle, especially at program start. Mass
contingencies, based on mass growth algorithms, applied industrywide to predict final

space vehicle mass during the early program
phase, are not accurate enough, and correcting this deficiency remains a primary objective. Using probability distributions to treat
mass growth estimation as a parametric
process may provide estimates that are more
useful and meaningful; Aerospace is investigating that possibility. An ultimate goal is to
provide guidance to the program offices and
contractors on how much mass growth to
plan for on future space programs.
The uncertainty of how much mass
growth to anticipate remains the primary
challenge. The initiatives prescribed in the
mass growth study plan are the first steps in
establishing a more disciplined systems engineering approach to mitigate the uncertainty
in the mass growth risk on space vehicle
programs. The long-term vision is to sustain
this effort so that future programs can make
more realistic mass estimates and, concomitantly, more accurate cost estimates.

Predicting Mechanical Failure
of Electronic Assemblies
Comprehensive techniques developed at Aerospace can quantify the failure risk
of electronic components—an important part of the mission assurance process.
Enold Pierre-Louis

E

lectronic assemblies in spacecraft and launch vehicles contain internal components that
are susceptible to fatigue failures induced by thermal cycling and random
vibration. Repeated deformation of
components such as ASICs, hybrid circuits, and ceramic grid arrays can lead
to fatigue failures of their solder joints,
weld joints, adhesive bonds, and lead
wires. These mechanical failures, which
usually manifest themselves as electrical performance anomalies, can result
in catastrophic mission loss or loss of
critical functions.
Aerospace has developed integrated
techniques combining finite-element
stress modeling and probabilistic
analysis to quickly and accurately assess the likelihood that an electronic
subsystem will experience anomalies
during ground processing or space operation. In some cases, these analytical
techniques have helped prevent launch
delays by substantiating that suspect
components have adequate margins to
survive worst-case launch excitations
and mission thermal shifts. On other
occasions, they have identified root
failure causes and provided rationale
for design enhancements or modified
operational limits.

Basic Steps

One difficult challenge that arises
periodically in space programs is the
need to evaluate the risk of mechanical

failure of a suspect component at an
advanced stage of integration. A component can be viewed as suspect for a
variety of reasons, but perhaps the most
common is the failure of an identical
or similar component during environmental testing. If the component has
already been installed on the spacecraft,
the cost and risk of removing and
replacing it can be tremendous—especially if the spacecraft has moved to

launch preparation. Thus, a thorough
analysis is needed to determine the true
risk of part failure.
This risk analysis will typically involve researching the failure history of
the component or similar components.
It entails a detailed review of the test
history, including the environments
and loads the component was exposed
to and the type of failures, if any, that
occurred. It may also include a review

A cracked field-programmable gate array (FPGA) lead from an electronic unit caused a functional
failure. Characterization testing coupled with stress analyses showed that the fatigue failure of FPGA
leads was caused by dynamic resonant coupling between the circuit card and the chassis. Eventually,
the units installed in the flight hardware had to be replaced.

of manufacturing records to identify process
deviations and dimensional variations. This
information is used to determine a fatiguebased damage level for the component,
which can in turn be used in a statistical
survival analysis. The goal is to determine
the probability that the component will
survive its remaining mission environments,
including any remaining ground tests as
well as launch and orbit. If the evaluation
can show that the risk of failure is sufficiently small, then a decision can be made
to use the suspect component, thereby
saving the program time and money. The
procedure generally encompasses four basic
steps.
The first step is to determine all the critical environments that the component has
already been exposed to during assembly
and ground-level screening tests and that it
will be subjected to during any additional
system-level tests, launch, and orbit. This
generally requires pedigree review of unit,
subsystem, and system exposure histories
and review of specifications for launch and
the orbital mission environments.
The next step is to estimate the
component’s physical responses to these
environmental loads—for example, stress,
strain, and deflection. For simple situations,
algebraic formulas can be applied, but more
commonly, the finite-element method is
used because the component resides within
an assembly. These finite-element models
must often account for complex material
behaviors and usually require a combination
of procedures to determine traits such as
geometric and material nonlinearities, creep
behaviors as a function of temperature and
time, coupled temperature and stress interactions, and friction at contact interfaces.
These response models characterize the
strains and stresses at critical locations in
the suspect component.
The third step is to use analytical techniques to evaluate the physical damage
to the component caused by the various
loading events. For example, the analyst
typically uses a strain-life fatigue model to
determine the amount of damage induced
on the component’s solder joints by cyclic
loads. The strain-life model is an empirically
based relationship that relates the strain
developed during one loading event or cycle
to the number of loading cycles required
to propagate a crack to failure. The extent
of damage induced by each loading event
can then be combined using a cumulative
damage law. This approach allows the normalization of damage induced by various
loading events (such as 10 to 100 large temperature cycles in acceptance testing and
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tens of thousands of small thermal shifts
during the mission) into a generalized damage variable.
The final step is to use probabilistic modeling to evaluate the statistical risk that the
suspect component would fail during a specific damage event, such as launch liftoff or
a 10-year mission. Testing has shown that
fatigue failures can be accurately characterized with the Weibull distribution, a statistical approach used to model the probability
that a component will perform its required
function during a specified period of time
under stated loading conditions. For these
assessments, time is interchanged with the
generalized damage variable (derived in step
three), and the two-parameter (scale and
shape) Weibull distribution is typically used.
The Weibull scale parameter is estimated by
accounting for all the components tested,
using failures as well as nonfailure data.
To substantiate that observed failures are
“outliers,” accelerated life testing of similar
components is often required. Successful
life testing to numerous mission lives can be
used to show that most similar components
will fail at damage levels significantly larger
than those expected during the mission.
When life testing is required, additional
analyses must be performed to determine
the sample size and duration of the life test.
An estimation based on historical data is
typically used for the Weibull shape parameter when the number of component
failures experienced during hardware and
life testing is too small to permit calculation
of the variance of the distribution. Quite
often, the risk associated with a suspect
component’s failure during the mission is
factored into a system reliability analysis to
assess overall impact.

Examples of Aerospace Work

These techniques have been effectively
used to avert launch delays and prevent
failures of critical systems in operational
space vehicles. For example, detailed stress
analyses performed by Aerospace showed
that the functional failure of a transmitter
during system-level thermal vacuum testing was caused by the large mismatch in
thermal expansion between a copper ribbon and the composite circuit board, which
resulted in solder-joint cracking. Detailed
material characterization performed by
Aerospace revealed that the circuit board
had an extremely high coefficient of thermal expansion within a narrow temperature
range below ambient. Consequently, stress
and probability analyses showed that the
transmitters in operation and awaiting
launch would fail due to the large number

of mission power cycles within the critical
temperature range. Further analyses and life
testing demonstrated that adequate mission
reliability would be achieved by operating
the devices at a temperature outside the
critical temperature range. Accordingly, the
operating temperature was modified for
all transmitters already integrated in space
vehicles. Aerospace then worked with the
contractors to develop a modified S-shaped
ribbon with an overall length that would
not adversely affect radio-frequency performance while still providing ample stress
relief; the design is being used to rework
transmitters for future vehicles.
Aerospace analyses also showed that the
likelihood of solder-joint failures in a converter could be greatly diminished by modifying the operational safe-hold procedures.
The analyses showed that a combination of
solder joints with minimal fillets and gold
embrittlement was the cause of numerous
cracked joints detected in several converters
during acceptance thermal cyclic testing.
Further analysis showed that the number
of thermal cycles on orbit associated with
eclipses would induce minimal additional
fatigue damage and that the thermal
cooling shifts expected during safe-hold
procedures could propagate solder cracks
to failure. Probabilistic analyses showed
that adequate system reliability could be
achieved by maintaining power for the suspect converter during safe holds to limit additional fatigue damage. Rather than delay
the mission, a simple change to the operational procedure was implemented.
Similar techniques were used to avert a
significant launch delay by showing that
failures observed during life testing of solar
arrays were primarily caused by overtesting. A plan to replace solar cells from flight
panels was being formulated after an unacceptably high failure rate stemming from
solder-joint fatigue was observed during
the original life test; however, stress and fatigue analyses showed that the high current
used for the bypass diode electrical cycling
caused severe fatigue damage to the solder
joints already weakened by excessive thermal cycling. Accordingly, Aerospace worked
with the contractors to develop requirements for a new life test based on more
realistic operational conditions. Updated
fatigue analyses enabled a significant reduction in the life-test requirements. Probabilistic analyses showed that the low failure
rate achieved in the new life test substantiated that the solar cells for the upcoming
flight would adequately meet power requirements until the end of their mission life.
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Stress analyses performed by Aerospace showed that the functional failure of a transmitter during
system-level thermal vacuum testing was caused by the large mismatch in thermal expansion
between a copper ribbon and the composite circuit board, which resulted in solder-joint cracking.
Probability analyses showed that the transmitters in mission use and awaiting launch would fail
due to the large number of mission power cycles within the critical temperature range. Aerospace
showed that changing the operational temperature limits would allow the existing flight units to
be used as-is and helped develop a modified S-shaped ribbon, which significantly improved the
fatigue margin for future units.

In another investigation, Aerospace determined that repairing suspect components
was most prudent. During spacecraft
thermal vacuum testing, an electronic unit
experienced functional failure as a result
of numerous cracked field-programmable
gate array (FPGA) leads. Subsequent inspections of other units revealed additional
failed leads. Structural analyses coupled
with characterization vibration testing
showed that dynamic resonant coupling
between the circuit card and the chassis
caused fatigue failure of FPGA leads; however, because of schedule constraints, only
low-level visual inspections and minimal
repairs were initially conducted on the flight

units. Aerospace convinced the contractor
that additional inspections should be conducted during a schedule slip caused by
an unrelated issue. A high-magnification
inspection conducted by Aerospace revealed
a partially cracked FPGA lead in the flight
hardware, which was not detected during the initial inspection conducted by the
contractor. Life validation testing, based on
requirements derived by Aerospace analyses, showed that further crack growth was
possible during launch. Accordingly, the
contractor agreed to remove all the installed
units, replace their FPGAs, and incorporate
stiffeners to reduce the stresses on the leads
caused by vibration.

Conclusion

Aerospace has played a vital role in the
successful resolution of subassembly structural failures and anomalies for numerous space programs. While it is obviously
important to detect and replace unsuitable
components, it’s equally important to have
confidence in the suspect components that
are retained. By performing detailed stress
and probabilistic analyses and developing
accelerated life-test programs, Aerospace
helps program leads manage risk and make
informed decisions with a high degree of
confidence in mission success.
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Finding Flaws Without Causing More:
The Art and Science of Nondestructive Evaluation
A mixture of insight and innovation helps detect hidden
defects in space system components, safely and reliably.
Eric C. Johnson and Oscar Esquivel

T

he launch process is severely taxing for the countless
components and assemblies found aboard spacecraft
and launch vehicles, and space is a difficult environment for many materials. Invisible flaws, such as impact
damage or a partially bonded joint, can lead to expensive
failures during launch or on orbit, where components generally can’t be fixed. Detection of flaws is therefore essential.
Moreover, flaws need to be discovered in a nondestructive
manner—that is, the process used to test for them must not
damage the potentially unflawed component being tested.
The process of flaw detection and characterization is
known as nondestructive evaluation, and it’s an important
part of ensuring the flightworthiness of launch vehicles and
spacecraft. It begins with inspection of raw materials, both
to check material characteristics and to screen for incipient
flaws. It continues through manufacture and assembly as a
means of process control and quality assurance. It concludes
with the final check of components for damage incurred
during shipping, storage, and handling.
Various types of nondestructive evaluation can be applied,
depending on the component and material. Under ideal
circumstances, the failure modes have already been identified and destructive tests have been performed to establish
inspection criteria (e.g., what type and size of defects must
be found). Critical inspection parameters include the geometry and constitution of the part and the type of defect to be
detected. Choosing the best approach for a given application
often requires more familiarity and expertise than a typical
contractor might possess. For instance, the task of searching
for cracks in a material can be approached from various perspectives. If surface cracks are the primary concern, a penetrating dye can be applied to make the cracks more visible.
To check for cracks just below the surface, an eddy-current
probe can be used to look for the changes in conductivity
associated with subsurface flaws (assuming the material is
conductive). To look for even deeper cracks—in a weld line,

for instance—the best approach might be to direct ultrasonic
shear waves into the weld and look for characteristic echoes.
Aerospace maintains the equipment and expertise needed
to conduct these and many other nondestructive evaluation
techniques. In fact, some nondestructive tests now routinely
used in the manufacture of launch vehicles and spacecraft
originated at Aerospace.

Eric Johnson performs an ultrasonic inspection to detect flawed regions
in a Kevlar composite overwrapped pressure vessel. The reverberations of
transmitted sound pulses are monitored on an instrument display screen;
internal flaws are distinguished by intermediate echoes, scattering, or
interruption of the acoustic signal.

Oscar Esquivel evaluates an infrared image obtained during flash thermographic
inspection of a solar cell array test coupon. Adhesive bond voids or other

Testing with
Sound and Radiation

Many nondestructive evaluation techniques
involve sending some form of energy into
a specimen and analyzing the changes that
result. In the aerospace industry, two of the
most widely used techniques for detecting
volumetric (subsurface) flaws are radiographic and ultrasonic testing.
In radiographic testing, x rays, gamma
rays, or neutrons are directed at a part and
detected after passing through it. Flaws
give rise to shadows or bright spots in the
detection field recorded on film or a detector array. Typical applications include detection of voids in solid propellants, casting
ingots, and adhesives; assembly verification;
detection of core anomalies in honeycomb
panels; and inspection of welds. Aerospace
is often asked to evaluate the quality and
completeness of radiographic inspections.
In one instance, Aerospace detected critical
propellant cracks in a solid-rocket motor
igniter that had been overlooked by prior

discontinuities to heat flow are revealed by viewing the surface with an infrared
camera immediately after flash lamp heating.

inspectors. Left undetected, such a flaw
could lead to the mistiming of motor ignition, or, when occurring in the motor propellant, cause premature failure of the case
insulation and ultimate failure of the rocket
motor. The suspect igniter was subsequently
removed and replaced from a vehicle being
readied on the launchpad. The mission was
valued at $1.2 billion.
In ultrasonic testing, sound energy is
transmitted into the part. Flaws can be
found by checking for reductions in the
amplitude of the transmitted sound or
reflections that bounce back toward the
transmitter (similar to sonar). Typical applications include inspecting for debonding of adhesives or laminates and verifying
weld integrity. Standard practice is to use
piezoelectric crystals, held in contact with
the test article, for transmitting and receiving the ultrasound. Because many spacecraft
components are fragile or sensitive to contamination, Aerospace has been investigating a number of noncontact methods for

Aerospace paved
the way for the flash
thermographic
methods now
being employed to
inspect the bonds
connecting solar cells
to substrates on the
large arrays used for
power generation for
a number of satellite
systems.
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An acoustic transducer sends ultrasonic pulses into the part. Echoes received by
the transducers can indicate the presence of internal cracks or other structural
flaws. The scattering of sound by the material’s microstructure can also provide

generating and receiving ultrasonic signals.
These methods include the use of aircoupled transducers and ultrasound generated by laser pulse heating. Often, hardware
requires inspection late in the assembly
process because of mishandling, accidents,
or unanticipated concerns (e.g., previously
undetected potential manufacturing errors).
In one instance, an ultrasonic method developed at Aerospace for an on-pad inspection revealed an unbonded thrust-chamber
baffle in a launch vehicle engine. The flawed
engine was subsequently removed and
repaired prior to launch. In another case,
Aerospace used ultrasound to distinguish
bad parts in a nearly inaccessible region of
a spacecraft prior to launch. A small tapehead positioning bracket used in a satellite
data recorder cracked during a ground
test. Analysis revealed that the bracket had
been machined in a specific orientation
with respect to the rolling direction of the
original alloy plate stock, and this made it

important information. Aerospace developed an ultrasound technique to validate
the proper grain orientation in small data recorder tape-head brackets.

s usceptible to cracks. Engineers needed assurance that none of the bad brackets had
been installed in the multiple recorders in
satellites that were still awaiting launch.
Aerospace developed and demonstrated
a procedure for inserting a fine ultrasonic
probe into the satellites to confirm proper
bracket grain orientation through acoustic
backscatter. The use of this technique enabled mission planners to avoid the costly
process of removing and dismantling the recorders and the associated schedule delays.

Testing with Heat,
Light, and Microphones

In addition to working with radiographic
and ultrasonic testing, Aerospace has been
quite active in adapting other nondestructive evaluation techniques for use in the
space industry. The most important of these
include thermography, shearography, and
acoustic emission monitoring.

Thermal vacuum testing created “dimples” in this optical solar reflector tile array, shown left. Aerospace applied
thermographic inspection techniques to identify the severity of the problem. As in the case of solar cell bond
inspection, areas with an underlying void or debond appear brighter than well-bonded areas because they
retain heat longer. As shown here, the inspection revealed significant voids in the adhesive below several of
the reflector tiles.
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In a typical thermographic test, the test
article is exposed to a transient heat source
such as a flash lamp or a blast of hot air.
An infrared camera then images the surface temperature of the part. Subsurface
defects impede or enhance the flow of heat
through the part, resulting in localized hot
or cold regions on the surface. Applications
include detecting bond-line flaws beneath
composite face sheets in honeycomb structures, detecting heat leaks, and isolating hot
components on printed circuit boards. In
one instance, Aerospace demonstrated that
thermography was more effective and reliable for detecting face-sheet debonds in a
medium launch vehicle’s honeycomb-panel
nacelles than the simple, conventional tapping test used by the contractor. In another
case, Aerospace paved the way for the
flash thermographic methods now being
employed to inspect the bonds connecting
solar cells to substrates on the large arrays
used for power generation for a number of
satellite systems. The cell bond layer plays
an important role in the transfer of heat
to maintain cell operating temperature
and output performance. Thermography
is used to identify cells with voids that exceed threshold criteria and require rework.
Aerospace also demonstrated that the same
method could be used to detect adhesive
voids beneath satellite optical solar reflector
tiles.
Shearography is a field-applicable
holographic technique that can be used
to identify regions of very fine relative displacement, or strain. A special camera takes
pictures of the reflection of diffuse laser
light from the test article surface before and
after it is subjected to a mechanical stress,
such as slight pressurization of a fuel tank.
These pictures are processed to yield an image consisting of fringe patterns. Regions

of concentrated surface strain under load
result in a higher density of fringes. Fringepattern anomalies are indicative of subsurface flaws. In past work, Aerospace showed
that this method could be used to detect
impact damage in the spherical compositeoverwrapped pressurization vessels used to
contain compressed gases for a number of
spacecraft. Efforts in this area were recently
revisited and expanded when Aerospace
was called on to support the NASA Composite Overwrapped Pressure Vessel Super
Problem Resolution Team in the wake of
the Columbia accident.
Acoustic emission monitoring can be
performed during hardware proof tests.
Small microphones, sensitive to sound at
frequencies beyond the audible range, are
affixed at strategic locations on the test
article. The acoustic transducers are monitored for sound emissions emanating from
the hardware throughout the loading cycle.
Cracks and other flaws that grow during
the proof test make noise that is picked up
by these sensitive microphones, and the
location of these flaws can be determined
through triangulation. Aerospace has
worked closely with contractors in employing acoustic emission testing in a number
of programs, most notably during the hydro
proof testing of some composite solidrocket motor cases.

Eddy Currents
Aerospace has a reputation for applying novel techniques developed in the laboratory to
difficult problems encountered in the field. For example, when a cracked flight nozzle on a
Delta rocket’s graphite epoxy motor was dissected, analysts discovered that the ply angles
in its liner were significantly out of tolerance. Suddenly, the flightworthiness of more than
200 stored nozzles was called into question. The immediate concern focused on the 18
nozzles on the Delta GPS IIR-10 and IIR-11 vehicles being readied for launch. Aerospace
made significant contributions to an eddy-current method for ply-angle measurement that
was subsequently developed by the contractor. Eddy-current inspection is based on generating or inducing electrical eddy currents in a workpiece and understanding how they
respond to the presence of flaws or material changes such as subsurface cracks, voids,
impurities, and corrosion. The technique was used to survey the nozzles for the current
inventory of more than 100 production motors. Aerospace then went on to develop and
apply an alternate ultrasonic technique with even greater accuracy. These methods played
a crucial role in the launch-readiness verification for these two missions as well as the GPS
IIR-12 thru IIR-15 and MiTEx missions.

Beyond Testing

Aerospace work in nondestructive testing
goes beyond independent review and verification. In many cases, Aerospace works
in close association with the community of
manufacturers, contractors, and academic
institutions to develop expertise in areas
that are often overlooked or neglected for
earthbound applications but are critical for
maintaining high reliability in advanced
spacecraft components.
For example, precision ball bearings are
essential for the operation of diverse space
vehicle mechanisms, such as deployment
devices, solar-array drives, antenna gimbals, reaction and momentum wheels, and
control-moment gyroscopes. Hybrid bearings made from silicon-nitride ceramic balls
and steel rings are being adopted for use in
space mechanisms because of their superior
strength and tribological properties. Appropriate screening methods for material
flaws are essential to prevent these rolling
parts from failing prematurely through
contact fatigue. Aerospace found that these
components were getting relatively little
attention within the industry for spacecraft
applications. To address this shortcoming,
Aerospace worked with steel suppliers

Yong Kim applies a novel eddy-current evaluation technique developed at Aerospace to detect critical
deviations in the lay-up of a filament-wound graphite epoxy composite specimen.

to implement more effective ultrasonic
and eddy-current inspection methods to
detect and screen for material flaws such
as nonmetallic inclusions. Aerospace has
been working with ball suppliers to ensure
that proper optical and microfocus x-ray
inspections are employed to detect material defects, and has aided in the design and
instrumentation of contractors’ bearinglife test programs to verify high reliability.
Aerospace has also been active in developing appropriate specimens or “flaw standards” to test the effectiveness of the various
inspection techniques.

Conclusion

Independent research in the nondestructive
evaluation laboratory allows Aerospace to
develop methods and techniques for current and anticipated needs. This work covers
a wide range of tasks, including verifying
the sensitivity of nondestructive evaluation
methods, developing advanced techniques
to meet program-specific needs, demonstrating proof-of-concept, and researching
new technology. Aerospace’s capability for
nondestructive evaluation research and support is a major asset in the drive to ensure
total mission success.
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Modeling Erosion in Hall-Current Thrusters
Hall-current thrusters (HCTs) are electric propulsion devices that
Spektor will use the results of the flow model as inputs for the
augment chemical thrusters on satellites. In geosynchronous satelerosion model. In particular, he explains, “plasma density, ion veloclite applications, HCTs are used for a portion of the orbit insertion
ity, and electron temperature distributions at the boundaries of the
and for stationkeeping. This augmentation of the chemical proflow will partially determine the sputtering rate at the walls of the
pulsion system provides increased mass to orbit as well as tighter
thruster. An erosion model, will, in turn, use the sputtering rate to
orbit control. With a high specific impulse (1500–3000 sec), these
influence the boundary conditions for the plasma-flow simulation.”
devices are becoming common in many commercial programs and
During the second year of this project, Spektor will focus on
will be used in the AEHF (Advanced Extremely High Frequency)
improving the developed plasma-flow model and on working eroprogram. Potential future applications include GPS III. The lowsion into the simulation. Achieving this year’s objectives will require
level thrust that these devices generate requires that they operate for completion of four tasks: improving determination of electron
mobility within the acceleration channel to increase fidelity of the
long intervals (weeks) to adjust satellite orbits to achieve mission
objectives. The advent of more efficient solar cells enables highflow model; identifying the relevant physical equations governing
power HCTs to be used, decreasing orbit insertion time or enabling the plasma interactions with solid surfaces, which will constitute the
delivery of heavier payloads. The long-duration firing, however,
numerical erosion model itself; including electron secondary emismakes an HCT susceptible to wall erosion, the slow, steady loss of
sion from the thruster walls into the flow model; and implementing
material from the inner surface of its boron-nitride thrust chamber
the erosion model and integrating it with the plasma flow model.
due to sputtering—the impact of a very hot and energetic xenon
Aerospace is well suited for future experimental investigation
plasma. The wall erosion rate increases with thrust level; thus, it is
of high-power HCT erosion, but lacks numerical capabilities to
critical to develop tools to study and characterize this phenomenon. study this effect. Specifically, an HCT erosion model like Spektor’s
HCT wall erosion is an emerging field in electric propulsion
can benefit future programs by estimating thruster lifetime. For
research. Experimental studies of the process are difficult because
example, future communications spacecraft may use a higher power
of the long timescales involved, and theoretical investigations are
HCT. At high power, thruster erosion may be the limiting factor in
limited by the problem’s complexity. Thus, HCT wall erosion is
spacecraft operation. Consequently, his erosion model can go a long
best investigated with numerical models. Rostislav Spektor of the
way in helping to qualify the thruster for future programs.
Propulsion Science and Experimental Mechanics Department is
The overall success of Spektor’s project can be measured by
currently pursuing such a study—“Electric Propulsion Diagnostics
the ability of his model to predict HCT erosion and overall perand Modeling.” As an added benefit, he expects that, when mature,
formance. In the future, the project will focus on flow simulation
the same numerical model can also be used to predict HCT longimprovements and erosion model implementation for a generic
and short-term performance, such as thrust and specific impulse, as
thruster geometry. Thus, progress for this year may be assessed by
a function of the supplied power; it may also help optimize thruster successful predictions of overall erosion trends, like erosion rate
design and configuration.
and erosion pattern. Additionally, his model should predict generic
During the first year of the project, Spektor’s work focused on
thruster performance characteristics, such as thrust, specific imdeveloping a one-dimensional numerical simulation of the plasma
pulse, efficiency, and the current-voltage curve. His long-term goal
flow inside the acceleration channel of an HCT. He is currently
is to create a flexible HCT performance prediction tool.
developing a two-dimensional finite-volume solver for flow
simulation. The finite-volume approach facilitates solution of the
necessary differential equations as the thruster geometry changes
with time (as a result of erosion). Spektor explains that “the
plasma flow simulation takes a multifluid approach by modeling separately the flow of ions, neutrals, and electrons through
the equations of mass, momentum, and energy conservation.” In
particular, he uses mass and momentum conservation equations
to solve for the ion velocity and density distribution, while using
energy conservation to obtain the electron temperature distribution. The mass conservation equation solves for the neutral flow.
While a simplified one-dimensional flow model has been
used to simulate a generic HCT with a rectangular cross-section
acceleration channel geometry and purely radial magnetic field,
the model ignores erosion processes. “Still,” says Spektor, “the
resulting electric potential, plasma density, and ion velocity distributions are in good quantitative agreement with typical measured HCT values. Additionally, thruster performance (specific
impulse and thrust) matches the measured performance of a typical HCT. Furthermore, the model successfully simulates some
of the instabilities observed during real HCT operation.” In the
Rostislav Spektor is developing numerical models to predict wall erosion—the steady
coming months, he will extend this model to two dimensions.
loss of material from the inner chamber surface of a Hall-current thruster.
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Turbopump Cavitation Testing and Modeling
Cavitation in the fluid passages of a liquid-fueled rocket-engine
turbopump can not only degrade pump performance, but also reduce system reliability through the generation of elevated engine
and vehicle vibration. Turbopump cavitation has been identified as
a source of several recent anomalous flight and ground-test vibration signatures in both booster and upper-stage engines and, more
critically, as the cause of the 1999 flight failure of a Japanese H-II
rocket. Cavitation-related vibration issues are currently addressed
through expensive and time-consuming engine or turbopump test
programs designed to assess engine and vehicle-component durability at elevated vibration levels. Often, these test methods provide
insufficient data to completely assess risk because of the limited instrumentation access and the inability to adequately simulate flight
conditions during turbopump operation. Both dedicated component test facilities and high-fidelity turbopump cavitation models
are needed to improve the understanding of cavitation physics.
Existing design tools are incapable of accurately predicting cavitating flow fields in propulsion-system turbopumps. Consequently,
cavitation-related problems are often not encountered until late in
development testing or after propulsion-system deployment. While
recent advances in the computational fluid dynamics of cavitating flows suggest it’s now possible to model cavitating flows, these
methods have not been validated for use in rocket turbomachinery
and have not been implemented by the rocket-propulsion community. Dan Ehrlich of the Propulsion Department expects that
“implementation and extension of these state-of-the-art methods
in a practical modeling tool with subsequent validation through
comparison with test data would provide a valuable means for
anomaly resolution and new turbopump development.”
In 2005, a research team led by Ehrlich began to address these
problems with a testing and modeling program designed to investigate complex cavitation dynamics in turbopump inducers (the first
stage of a two-stage propellant pump). A closed-loop water-flow
test facility is being constructed to support this research.
The Aerospace facility overcomes a fundamental shortcoming
of previous scaled-waterflow test facilities by employing a unique
vertical feedline configuration. It can also operate over a wide
temperature range not currently available to the national cavitation research community. This will enable the team to investigate
and quantify temperature effects on turbopump cavitation.
As Ehrlich explains, room-temperature water is a poor simulant for cryogenic rocket propellants, but it’s commonly used to
evaluate inducer cavitation performance. Heated water better
simulates the behavior of cryogenic propellants. The Aerospace
cavitation test facility can operate at boiling-water temperatures,
and Ehrlich plans to use this capability to evaluate temperature
effects on inducer cavitation. Working with coinvestigators John
Murdock, Richard Welle, and Brian Hardy, he plans to determine
the water temperature needed to simulate cryogenic turbopumps.
In addition, the testing will map the impact of temperature effects
on cavitation instabilities over inducer operating ranges encountered under flight conditions. This will be accomplished through a
series of tests spanning the full range of available water temperatures. The team will evaluate temperature effects on both pump
performance and cavitation instability.

The research team will also focus on acquiring high-fidelity data
sets for the validation of computational fluid dynamic cavitation
models for rocket turbomachinery applications. Current turbopump
design and performance prediction practices often employ such
models; however, a dearth of high-quality validation data for cavitating rocket turbopumps has left these models insufficiently validated, resulting in reduced confidence in predictive capability. John
Schwille of the Fluid Mechanics Department has begun investigating the capability of commercially available models to predict
cavitation in rocket turbopump inducers. The team will continue to
evaluate the capability of commercial computational fluid dynamic
cavitation models to predict inducer cavitation through comparison
to Aerospace data. Knowledge gained through this effort may also
support the development of advanced cavitation models at Aerospace to improve the capability to accurately predict cavitation in
rocket turbopumps.
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Patents
H. Helvajian and S. W. Janson, “Integrated Glass Ceramic Systems,”
U.S. Patent No. 6,952,530, Oct. 2005.
Integrated electro-optical and electromechanical systems can be
created from patterned glass-ceramic components having tempered and untempered portions. The components combine the
physical and optical properties of glass and ceramic and can serve
dual functions as both support structures and operational mechanisms. In terms of satellites, an entire craft can be made primarily
of photostructurable glass ceramic with photonics and electronics
integrated onto and encapsulated by substrates that also serve as
circuit boards. For example, a stack of integrated glass-ceramic
substrates can function as a scaffold while providing interface
layers on which and through which are deposited conducting
interconnects that provide communication paths between optical
transceivers. At the same time, specific regions and volumes of
the support structure can be converted to the crystalline ceramic
phase to achieve better dielectric properties or greater strength.
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M. J. O’Brien and B. A. Nelson, “Ceramic Ball Bearing Fracture Test
Method,” U.S. Patent No. 6,952,969, Oct. 2005.
This mechanical test directly measures the fracture resistance of
ceramic or steel ball bearings. The test apparatus comprises two
opposing plates that have indentations or hemispherical sockets
that match the shape of the bearing to be tested. The depth of
the sockets is less than the radius of the bearing, so the middle
section of the bearing remains exposed. A starter crack is made in
the bearing along this exposed surface section. The two plates are
forced toward each other, and the resulting load causes the bearing to bulge slightly in the middle. This bulging causes a tensile
stress in the angular or hoop direction that will eventually cause
the starter crack to grow. The crack growth would then be measured via microscope. The fracture toughness is defined by the
observed load at which the crack grows and the geometry of the
final crack, which naturally provides a stress concentration. Accurate, repeatable, and robust, the method is particularly suited for
testing small ball bearings with diameters less than 1.5 cm.
R. B. Dybdal, D. D. Pidhayny, and D. J. Hinshilwood, “System and
Method for Antenna Tracking,” U.S. Patent No. 6,965,343, Nov.
2005.
Antennas tracking satellites require high positional dynamics for
overhead positions for low Earth orbits as used, for example, by
meteorological satellites. A method was devised to combine electronic beam scanning with mechanical positioning that would
reduce the requirements and cost of mechanical positioners. The
electronic beam scanning would be implemented by using additional antenna feed elements surrounding the existing central
feed. The positioning dynamics can be determined a priori and
when needed, the electronic steering would be employed. This
electronic beam steering can also be used in initial signal acquisition where the satellite clears the horizon to permit data gathering over a larger portion of the satellite pass.
James Todd Dickey and Tung Ting Lam, “High-Density,
Electronic-Cooling, Triangular-Shaped Microchannel Device,”
U.S. Patent No. 6,983,792, Jan. 2006.
The packing density of microprocessor components, like silica
chips, continues to rise, thereby increasing the energy dissipation per unit surface area. The high heat-flux levels they generate adversely affect reliability. To decrease the resulting high
temperatures, fluid-filled microchannels are used for thermalenergy transport. Past investigations of forced convective flows in
rectangular-shaped channels show low heat-transfer rates. This
invention uses a pumped-fluid loop with triangular-shaped micro
channels arranged in a sawtooth configuration to maximize the
absorption of thermal energy by the flowing working fluid. The
ratio of surface area to microchannel volume and the mass-flow
rate of the pumped fluid allow high rates of heat removal from
electronic components with operation at a substantially lower
temperature, which can increase the reliability and extend the life
of the electronic components.
Donald C. Mayer, Jon V. Osborn, Ronald C. Lacoe, and Everett
E. King, “Annular Segmented MOSFET,” U.S. Patent No.
7,005,713, Feb. 2006.
While the scaling of metal oxide–silicon (MOS) integrated
circuits has decreased in feature sizes and increased in data
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t hroughput per chip for the past 30 years, reduction in power
supply voltages has not scaled nearly as rapidly. This mismatch
has resulted in substantial increases in electric fields in MOS
integrated circuits, particularly in field-effect transistors (MOSFETs). This invention will improve the reliability of MOSFETs
while enabling high-density integration through the use of
annular-segment curved gates. Such curved gates reduce the
electric field strength between the source and the drain of the
MOSFET, lowering the high energy of the injected hot carriers and leading to a significant improvement in reliability. In the
preferred forms of the invention, quarter-circle and eighth-circle
annular segment structures improve reliability while preserving
the high integration density of conventional straight MOSFET
structures.
Philip A. Dafesh, “Spread-Spectrum Bit-Boundary Correlation
Search Acquisition System,” U.S. Patent No. 7,042,930, May
2006.
GPS navigation solutions are limited by the ability of a receiver
to acquire GPS signals in the presence of interference and obstructions. In particular, urban attenuation, common in GPS
receivers integrated into cell phones, limits the use of emergency
GPS applications. This invention reduces losses by determining
bit boundaries precisely prior to carrier tracking. It enables rapid
acquisition, improved coherent integration, and dump functions
for enhanced receiver sensitivity. An exemplar system is applicable to commercial course acquisition (C/A) code GPS receivers
where the bit period is a multiple of the code period. The system
provides synchronized integration during signal acquisition by
resolving unknown bit boundary relative to code synchronization
by searching over multiple integration hypotheses. The system
uses accurate crystal oscillators for several decibels of sensitivity
improvement. The method can readily be implemented for cell
phone and personal data assistant applications. Enhanced performance of C/A code GPS receivers under weak signal conditions is well suited for such in-building applications as E911 cell
phones that use inexpensive, chip-size GPS receivers.
Edward J. Simburger and James H. Matsumoto, “Integrated ThinFilm Battery and Circuit Module,” U.S. Patent No. 7,045,246,
May 2006.
The conventional spacecraft battery comprises a number of individual cells connected in series to provide the necessary voltage to
the bus. Typically, power distribution, power processing, and load
electronics are located remotely from the battery. This invention
is a thin-film battery module integrated to a circuit board. The
thin-film printed circuit is preferably fabricated on a substrate
composed of polyimide or other flexible insulating polymer. In
a series of conventional processing steps, a thin-film battery cell
is deposited on the flexible circuit board. A second multilayer
flexible printed circuit board is then deposited on the battery cell
to enclose and embed it. Finally, discrete electronic devices are
mounted on the top and bottom of the module to form a selfcontained unit. The module, which is well suited for integrating
load electronics and power processing dc-dc converters onto a
flexible, printed wiring board containing additional thin-film
battery cells, promises numerous commercial and space-vacuum
applications.

Hsieh S. Hou, “Merge-and-Split Discrete Sine Block Transform
Method,” U.S. Patent No. 7,047,266, May 2006; “Merge-andSplit Karhunen-Loeve Block Transform Method,” U.S. Patent
No. 7,047,267, May 2006; “Merge-and-Split Fast Hartley Block
Transform Method,” U.S. Patent No. 7,062,522, June 2006.
Conventional transforms have been used for some time to compress and decompress data using radix-2 transforms. While the
traditional methods separate and combine data in the transform
domain, they do not have the capability of performing true merge
and split operations. And so, for example, while video composing is substantially sped up by performing the operations in the
fast transform domain with the transform coefficients being
quantized into integers, the quantization process degrades image
quality. This invention provides a true direct split and merge of
equal-sized data halves for such conventional transforms as the
Fast Fourier, Fast Hartley, Discrete Cosine, Discrete Sine, and
Discrete Karhunen-Loeve Transforms. It processes new classblock transforms that enable true successive and back-and-forth
merge and split forward transformations without data degradation. Time or spatial domain input data can be transformed
into the transform domain in the form of split halves or merged
wholes, which can then be successively recursively further split or
merged without having to inversely transform the transformed
data back into the time or spatial domain and without resulting
data degradation.
David A. Ksienski and James P. McKay, “Multiple-Beam-Steered
Subarray Antenna System,” U.S. Patent No. 7,064,710, June
2006.
Conventional phased-array antenna systems pair a gallium
arsenide field-effect transistor (FET) phase shifter and an
amplifier or transmit-and-receive transceiver for each radiating
antenna element, positioning the amplifiers between the antenna
elements and the beam-steering phase shifters. However, the
costly FET phase shifters have an undesirable high insertion loss,
especially at high frequencies, and compensating for the loss with
large numbers leads to high cost and power requirements for the
antenna system. Using microelectromechanical (MEMS) phase
shifters can lead to mass and cost reductions, but they have a high
failure rate with a low operational lifetime expectancy. This invention uses a fine phase shifter to drive an amplifier that drives several coarse phase shifters that drive antenna elements. The system
partitions beam scanning into infrequently used MEMS phase
shifters and frequently used conventional FET phase shifters for
providing coarse- and fine-beam pointing with a reduction of
the high-loss conventional phase shifters. The system can provide
increased antenna gain by 5 decibels with no accompanying increase in battery power or mass.
Jerry A. Gelbwachs, “Multispectral Selective Reflective Lidar,” U.S.
Patent No. 7,067,812, June 2006.
Lidar (laser-illuminating detection and ranging) systems are used
for remote sensing. For differential absorption, lidars illuminate
a diffuse gaseous material for chemical characterization with two
wavelengths, where one is absorbed and other not, such that a
weaker return at the absorption wavelength will indicate the presence of remote diffuse gaseous material. For conventional ranging, the lidar illuminates a remote material and detects reflections.
Surface characterization from orbit relies on high-resolution

spectral analysis of reflected sunlight or surface heat. But for
objects distant from the sun, weak sunlight prohibits analysis of
solar reflection. Further, cool surfaces provide insufficient thermal
radiation for high-resolution spectral analysis. This invention uses
a remote-surface-material-detecting lidar system that relies upon
absorption and reradiation, that is, selective reflection, of laser
pulses having predetermined wavelengths. The system’s lidar generates alternating pulses of two wavelengths; the first is absorbed
and reradiated, while the second is neither substantially absorbed
and reradiated nor reflected. Detecting the selective reflected
returns of the absorbed and reradiated laser pulses indicates the
presence of remote surface material on even cold bodies.
John R. Scarpulla, “Transmission Line Analog-to-Digital
Converter,” U.S. Patent No. 7,071,862, July 2006.
The analog-to-digital converter (ADC) is a ubiquitous component in modern electronics and satellite systems. The tradeoff has
traditionally been between the speed of conversion, the number
of bits, and the power consumption: A flash converter is fast, but
limited to a small number of bits of resolution because of size
and power constraints. A successive-approximation ADC is slow
and requires complex circuitry. A sigma-delta ADC, which has
a high clock rate, generates a high-resolution digital signal at the
expense of speed. These conventional ADCs are complex circuits
having high power requirements. This invention is an ADC with
an unterminated transmission line driven by a current source to
generate a stair-step waveform for quantizing analog input. The
transmission-line ADC offers simplicity, accuracy, high speed,
low transistor count, and low power consumption. The timing
of the stair-step waveform is determined by the length of the
transmission line. Quantization is achieved by the timing of the
output of a simple electronic comparator. The transmission-line
ADC can be scaled to high speeds. Successive-approximation
transmission-line ADCs can also be implemented without an
increase in circuit complexity.
Gee L. Lui and Kuang Tsai, “Gaussian Minimum-Shift Keying
(GMSK) Precoding Communication Method,” U.S. Patent No.
7,072,414, July 2006.
Gaussian minimum-shift keying (GMSK) is a form of
continuous-phase modulation (CPM) used in digital communication systems. It achieves compact spectral occupancy by choosing a suitable bandwidth–time product parameter in a Gaussian
filter. The constant envelope makes GMSK compatible with
nonlinear power amplifier operation without the concomitant
spectral regrowth associated with nonconstant envelope signals.
But in demodulating GMSK signals using the Viterbi algorithm,
a differential decoder is necessary to resolve data-bit ambiguities
while providing a degraded bit-error rate (BER) with respect
to the absolute phase demodulation. This invention uses a dataprecoding algorithm implemented in a transmitter modulator
to substantially improve the resulting BER performance of the
CPM receivers, such as GMSK receivers, without the use of
differential decoders while preserving the spectral occupancy of
the coherently demodulated GMSK signals. Depending upon
the channel BER required, the precoding method will render
a signal-to-noise-ratio improvement of up to 2.5 decibels over
the same modem that demodulates GMSK signals without
precoding.
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University of Southern California (louis.l.yang@aero.org).

Holding It All Together: Space Structures
Eric K. Hall is Director, Structures Department, Structural Mechanics Subdivision, Vehicle Systems Division. During his
15 years at Aerospace, he has supported
numerous SMC and NRO programs via the
application of structural design, analysis,
and test methodologies. He has also served
on several national teams chartered with establishing the future direction of advanced
programs. He received a Ph.D. in aerospace
engineering from the Georgia Institute of
Technology (eric.k.hall@aero.org).
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Explosive Ordnance for Space Systems

Significant Trends in Materials Research

Selma Goldstein is Manager of the Explosive Ordnance Office, Environmental
Test and Ordnance Department. She
provides support to multiple programs relating to explosive ordnance requirements,
testing, and application assessments. She
is one of the charter members and past
chair of the Energetic Components and
Systems Technical Committee of AIAA
and chaired the industrywide team that
developed a new standard for use of explosive devices in space. She obtained her
ordnance experience at the Los Alamos
National Laboratory and at SPARTA
before joining Aerospace in 1990. She received her Ph.D. in engineering from Yale University (selma.goldstein@aero.org).

Wei H. Kao (middle) is Director for the Materials Science Department, Laboratory Operations. He has more than 33 years of
experience in the analysis, characterization, and assessment of
materials and material processing technologies. For the past 25
years with Aerospace, he has conducted research and provided
technical support to numerous national space programs and other
government agencies on the design, fabrication, analysis, and
testing of advanced materials. He obtained his Ph.D. in materials
science from Michigan State University. He is an Associate Fellow of AIAA (wei.h.kao@aero.org).

The Art and Science of Nondestructive Evaluation
Eric C. Johnson (right) is Director of the Materials Processing
and Evaluation Department, Space Materials Laboratory. He
joined Aerospace in 1987, and over the years has provided research
and support to numerous programs in the area of nondestructive
evaluation. He has twice received the President’s Distinguished
Achievement Award—in 2002, for his work in developing a flash
thermography method for inspecting satellite solar panels, and
again in 2005, for his work in developing nondestructive evaluation methods for composite solid rocket motor nozzles. He holds
a Ph.D. in physics from the University of Illinois (eric.c.johnson@
aero.org).

Russell A. Lipeles (right) joined the Aerospace Chemistry and
Physics Laboratory in 1979. He became manager of the Polymers
and Composites Section in the Space Materials Laboratory in
1995 and the Associate Director of the Materials Science Department in 2004. His technical interests include the physical
properties of polymers, adhesives, elastomers, conducting polymers, fiber-polymer matrix composites, and nanocomposites as
well as atomic-force microscopy of polymeric surfaces. He has a
Ph.D. in chemistry from UCLA (russell.a.lipeles@aero.org).
Woonsup Park (left) is Section Manager, Metals and Ceramics, Materials Science Department. He is an expert in structural
materials for launch vehicles and spacecraft, leading independent
research in advanced structural materials and providing program
support in materials and processing issues. He joined Aerospace
in 1992 after working for McDonnell Douglas and Rockwell International developing high-temperature structural materials for
the National Aerospace Plane program. He received a Ph.D. in
materials science and engineering from Massachusetts Institute
of Technology (woonsup.park@aero.org).

Oscar Esquivel (left) is Research Scientist in the Materials Processing and Evaluation Department, Space Materials Laboratory.
He joined Aerospace in 1984 after receiving his Ph.D. in materials science from the University of Southern California. His areas
of research and program support have included materials survivability against laser weapon threats as well as spacecraft applications of nondestructive evaluation. He received the President’s
Distinguished Achievement Award in 2002 for his work in developing a flash thermography method for inspecting satellite solar
panels (oscar.esquivel@aero.org).

A note of thanks...
The staff of Crosslink would like to convey their warmest wishes to Donna
Born, who recently retired as editor in chief. Donna was instrumental in establishing Crosslink and in setting the highest standards of excellence. Her
guidance will be sorely missed.
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Down-to-Earth Uses for Space Materials

Photos courtesy of WD-40 Company

Titanium is a case in point. Twice as strong as aluminum, half
as heavy as steel, resistant to heat and corrosion, and abundant in
Popular mythology has connected many familiar products such as
nature, titanium was highly sought by a burgeoning aerospace inTang, Teflon, and Velcro with the space program. In actuality, none
dustry. But titanium never appears naturally in its pure state, and is
of these was specifically developed for space applications; but the
difficult to process. Only after an extensive effort, partly fueled by
persistence of these myths suggests a general conviction that space
aerospace interest, did large-scale production and use as a structural
exploration has yielded tangible benefits for day-to-day life on
material become possible. Titanium has been a significant enabler
Earth. And yet, many people might not even recognize commonof space exploration: the Mercury, Gemini, and Apollo capsules
place materials that did, in fact, derive from the space industry.
were largely made of it, and the space shuttle and the International
For example, in the early 1950s, a small firm known as the
Space Station have many titanium parts. Closer to Earth, it’s widely
Rocket Chemical Company sought to create a line of rust prevenused in aircraft for firewalls, outer skin, landing-gear components,
tion solvents and degreasers for the aerospace industry. One product hydraulic tubing, engine supports, and the housings of jet engines.
of this effort can still be found in most homes today—the lubricant
Titanium’s corrosion resistance made it especially useful for naval
WD-40. The name is an abbreviation of Water Displacement Forapplications, especially propellers and shafts. This same corrosion
mula #40, because it reportedly took 40 tries to get it right. Convair, resistance and lack of toxicity made titanium the metal of choice
an aerospace contractor, first used
for medical applications; most artificial
WD-40 to protect the outer skin of
joints, dental implants, and prostheses are
the Atlas missile from rust and corbuilt on titanium bases. Titanium has also
rosion; but engineers quickly realized
found its way in to a number of sporting
the material would prove equally useproducts, like golf clubs, fishing poles, and
ful around the house. Today, few peofootball helmets.
ple are aware of its space-race roots.
Another Apollo-era technology that
Viscoelastic polyurethane foam,
has found terrestrial applications is metalpopularly known as memory foam,
lized plastic film. The first large-scale apwas developed in 1966 by Stencil
plication of this technology was in Echo I,
Aero Engineering Corp. under a
launched in 1960. Echo, the first passive
NASA Ames contract for crash and
communications satellite, was essentially
vibration protection for the Apollo
a huge balloon of aluminized Mylar polyprogram. Under sudden impact, the
ester film. While metallized plastic films
foam deforms, releasing energy in
had been produced for decorative purposes
the process, then slowly returns to
on a small scale for years, the market was
its original shape. Over an extended
limited before the aerospace industry took
period of time, the foam “senses” body
The lubricant WD-40 was originally developed for the space an interest.
temperature and weight, conforms to
Researchers soon produced a doubleindustry. The original package is shown on the left.
the shape of the body, and provides the
sided fabric for the manned space program
perfect amount of support—especially during periods of increased
that became NASA’s most widely used insulator. This radiantg forces, such as liftoff and reentry.
barrier technology was initially designed to protect against the
The first company to market the foam soon moved beyond airintense heating of reentry, but soon found applications on satellites
craft seating to medical applications, which today account for some
in orbit, in space suits, and around sensitive instruments. The orbital
80 percent of sales. Because of its open-cell structure, the foam per- environment experiences temperatures ranging from nearly absomits easy removal of moisture from the contact area, thus making
lute zero to more than 260°C; conventional insulation on a space
such applications as seating and mattress pads, as well as molded
suit would have required a layer 2 meters thick; clearly, the radiantcushions, especially effective. The properties that have made viscobarrier material has been a real enabling technology for the space
elastic foam successful in medical applications have made it equally
program.
successful in veterinary medicine—in prostheses, braces, and splints.
Terrestrial applications were rapidly developed—most notably,
The foam continues to serve for shock protection—its original
the “space blanket” that weighs a few ounces and reflects and reapplication—in the automotive industry. The foam has even found
tains 80 percent of the user’s body heat. Its insulating properties
its way into saddle pads for horse racing. Other sporting applicaare life-saving, and its small size makes it perfect for emergency
tions include rafts that will not sink when punctured and archery
kits. Single-sided metallized tear-resistant fabrics are used for alltargets that “self-heal.” The stiffest foams are also finding their way
weather clothing, enabling the wearer to retain heat on cold days
into bulletproof vests and personnel carriers that may be exposed to and reflect sunlight on hot days. Radiant-barrier fabrics are also
land mines and roadside bombs.
widely used in protective apparel for firefighters.
WD-40 and viscoelastic foam are just two examples of useful
Metallized films in stiff laminates have found their way into
materials that were specifically developed for space applications;
home, office, and industrial insulation, in awnings and canopies.
but equally important are the materials that were available, but not
They provide insulation around water pipes for sprinklers and ircommercially viable, until the space industry took an interest in
rigation. They protect food in picnic coolers, pizza-delivery boxes,
them.
refrigerated vans, and railroad cars. The technology appears in
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a utomobile firewalls and in such specialty applications as candy
wrappers, thermos bottles, and auto windshield inserts.
Another intriguing material that got a boost from the space
industry is the rheological fluid, which stiffens under magnetic or
electric fields. The so-called “smart fluids” in this category can be
controlled to provide damping and shock absorption.
The first magneto-rheological fluids—essentially suspensions of
iron particles—appeared in 1947. A tendency for the particles to
settle out hindered their early development, but they did find some
application in auto transmissions in the 1950s and in the Apollo
Service Module in the 1960s. Interest ebbed for several decades, but
with the commercial availability of stable formulations and faster
control circuits, interest exploded in the 1990s. Smart fluids began
appearing as resistance brakes in exercise machines, and show potential for use in athletic footwear. They’re also making a big impact
in automotive-suspension technology, offering a significant reduction in mechanical parts and the ability to change levels of shock
and motion 500 times per second. Magnetic smart fluids also offer
actuation by wire, which could help reduce the weight and complexity of car steering, braking, clutching, and shifting mechanisms.
In architecture, magnetic smart fluids are used to stabilize highrise buildings and bridges against earthquakes and high winds. They
serve as low-friction seals for rotating shaft motors in x-ray generators, and can also be found in high-speed computer disk drives and
in loudspeakers, where they dampen unwanted resonance and dissipate excess thermal energy.
Few materials in NASA’s current arsenal are more exotic than
silica aerogel. Sometimes known as “solid smoke,” silica aerogel
is the world’s lightest solid substance, with some grades weighing 0.003 grams per cubic centimeter. Silica aerogel is essentially a
microscopically fine foam of pure silica; composed of 99.9 percent
air, it’s an effective insulator that can withstand temperatures up
to 1400°C. Strong enough to support many times its own weight,
silica aerogel is also the best solid dielectric known and a promising
candidate for integration onto ultrahigh-speed microchips.
Silica aerogel was first produced in 1931, but received scant
interest outside the laboratory. Decades later, the French space

Courtesy of NASA

Courtesy of NASA

Echo I, the first passive communications satellite, was essentially a 30.5-meter
balloon of aluminized Mylar polyester film. The material is now widely used.

program began investigating the possibility of using aerogel to
store rocket fuel. NASA followed suit and began its own research
program, eventually making aerogel the star of its Stardust mission
(1999–2006), where it played a critical role as the only known substance that could trap microscopic cometary particles traveling at
6 kilometers per second without damaging them. Its lightness and
unequalled insulating properties made it a key part of three Martian
rovers.
While the cost of silica aerogel is too high for most terrestrial
applications, the material does appear in some commercial products—most notably, in insulating fabrics. Aerogel-based insulated
windows could provide a large market, if engineers can find a viable
way to manufacture clear aerogel. So far, clear aerogel remains tantalizingly out of reach. Processing aerogel in Earth’s gravity causes
both irregularly sized and irregularly distributed pores, giving
aerogel its characteristic bluish, hazy, smoky look. Experiments in
airplanes and in orbit suggest that a more uniform, clear product is
possible. Such a product would revolutionize aerogel marketing.
While silica aerogel may be the lightest known solid material,
carbon nanotubes are certainly the strongest. Carbon nanotubes
derive their remarkable strength from the carbon-carbon covalent
bonds that make a nanotube essentially a single molecule. Onesixth the weight of steel, but a hundred times stronger, the material
could conceivably replace metals in many structural applications.

Silica aerogel became the star of NASA’s Stardust mission, capturing particles from
a comet’s trail. The material is finding terrestrial applications in insulation.

As “quantum wires,” carbon nanotubes could conduct electricity
10 times better than copper—at a fraction of the weight. But the
market is still looking for the breakthroughs that will generate continuous fibers efficiently and at a reasonable cost. In 2005, NASA
offered an $11 million grant to Rice University to develop a carbon
nanotube power cable, hoping for a 1-meter-long prototype by
2010. If the project succeeds, carbon nanotubes could become the
biggest thing to hit the market since Teflon and Velcro.
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The Crosslink Crossword
Across

4. Constraining force
7. Offbeat item
8. Of clay
10. Bulk
12. Bad spot
13. Educated guess
16. Birth certificate: Rex’s?
18. Multipart molecules
20. Diagnostic vibe
21. Price
23. Chafe
25. Flash lamp energy
27. All the weight seems to be here
31. A real bang-up job!
33. Extend
35. Kind of bearing
36. Position: You got a problem with that?
39. Fissure
40. Firing up
41. Stuff of a heartless man
42. Military supplies
44. Looking ___
46. Couch potato’s rationale
47. Substances
51. This’ll get you cookin’
53. Lead-___ materials
54. Excessive force or tension
55. Detonating device
56. ___ out one’s welcome
57. Burden
58. Twisting force

Down

1. Exhaustion
2. Special specs
3. Mesh supported by ribs
4. Melted metal that melds metals
5. Horse of mettle
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55
56

6. Questionable
8. Sensor protector
9. Make slick
11. Elastic body
14. A moving experience
15. You’re all wet (when it’s high)
16. Material without strength
17. ___ in the fire, a current project
19. Muddy waters
22. Form
24. Spinning wheel
26. “Lather, rinse, repeat” is one
28. Study of friction

57

58

29. Go ‘round
30. There’s no there, there
32. Strength to endure
34. There’s the rub
37. Tolerable load increase
38. Spread out, as with a flag
43. Touch
45. Commercial iron
48. To turn, having killed a dragon
49. Welding at room temperature
50. Put away, as with luggage
52. The eye has it

Most puzzle words and clues are from articles in this issue. The solution is on the Crosslink Web site: http://www.aero.org/publications/crosslink/.

