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Aircraft armor is typically heavy, but does it have to be? Many military missions today
require heavy armor for enhanced survivability, but this “dead weight” also reduces aircraft
performance in nearly every way. Additionally, while the geometry of traditional armor solutions
has largely been limited to simple shapes, the increased accessibility of additive manufacturing
(AM)—also referred to as 3-D printing—is presenting new possibilities for the types of geometries that can be made and fielded. These geometries include complex internal structures with
increased strength-to-weight ratios. So, could such structures be employed to produce lighter,
equally effective aircraft armor? In particular, could they be integrated into the load-bearing
structure of the aircraft to save additional weight while also being able to retain their structural
advantages under the high strain rates associated with ballistic impacts? If so, such a breakthrough could help mitigate the weight penalty associated with traditional aircraft armor and
provide the military with a distinct edge in terms of aircraft survivability and performance.

15 SURVIVABILITY ANALYSIS IN THE SHADOW OF
APOLLO: PART II – SPACECRAFT CHARGING
VULNERABILITY NEAR THE STABLE EARTH-MOON
LAGRANGE POINTS
by Maj. Robert Bettinger, Nathan Boone, Maj. Nicolas Hamilton, and Lt. Col. Bryan Little

Though the reality of routine travel and sustained operations in space likely remains several
decades away, the building blocks of space exploration and space system development necessary to realize this reality are currently being laid by peer, near-peer, and emerging space-faring
nations. The pursuance of sustained cislunar space operations will necessitate a renewed
examination of spacecraft survivability and the capability of spacecraft to avoid and/or withstand
the natural and manmade environmental risks posed by this “new” ultimate high ground.

jasp-online.org		

2

Mailing list additions, deletions,
changes, as well as calendar items
may be directed to:

26 FIFTY YEARS OF B-R-R-R-R-T: A BIRTHDAY SALUTE TO
THE PLANE TOO TOUGH TO DIE
by Eric Edwards

Some say it sounds like a loud zipper. Others have likened it to the guttural belch of a
warthog. Still others demonstrate its acoustical effect by making a buzzing “b-r-r-r-r-r-r-t” sound
with their lips. But however one chooses to describe the iconic report of the 30-mm gun on the
A-10 Thunderbolt—otherwise known as the Warthog (or “Hawg”)—there’s no debate about how
welcomed this sound has been to U.S. ground troops and others who’ve been supported by the
aircraft in battle. To them, the sound of the A-10 has been, quite literally, the sound of freedom.

34 Q&A: THE JAS SPACE ON DODTECHIPEDIA
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Established in 2008, DoDTechipedia is a secure online collaboration tool provided by the
Defense Technical Information Center (DTIC) to support communication and data-sharing among
Department of Defense (DoD) teams responsible for collecting, safeguarding, analyzing, and
disseminating Defense-related scientific and technical information. With this tool, users can
create and edit web pages with an open-editing system known as a wiki. Furthermore, the Joint
Aircraft Survivability Program (JASP) now has its own space in DoDTechipedia to share specialized content and news and facilitate information exchange within the aircraft survivability
community. The space also serves as a valuable resource to let the broader aerospace community know about current aircraft survivability research, development, test, and evaluation
(RDT&E); modeling and simulation (M&S) tools; training; meetings; and other activities.
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NEWS NOTES
KURTZ RECEIVES AIAA
SURVIVABILITY AWARD

Mr. Alex Kurtz (Center), Mr. Steven Broussard (Left),
and Dr. David Liu (Right) (Photo Courtesy of AIAA)

In January, the Survivability Technical
Committee (SURTC) of the American
Institute of Aeronautics and
Astronautics (AIAA) presented Mr. Alex
Kurtz with its 2022 AIAA Survivability
Award. The award—which was
presented at AIAA’s SciTech Forum and
Exposition on 6 January in San Diego,
CA—was in recognition of Alex’s
distinguished service and contributions
to the aircraft/aerospace survivability/
vulnerability community and discipline.
Established in 1993, the AIAA
Survivability Award is presented to
individuals or teams in recognition of
outstanding achievements and contributions in design, analysis, implementation,
and education of survivability in
aerospace systems.
Alex retired from Government service in
2019, after working for more than three
decades in the areas of weapons bay
vulnerability reduction, ablative
evaluation, warhead and explosive
characterization, high-energy lasers,
opaque and transparent armor development programs, and man-portable air

AS Journal 2022 /SPRING

By Dale Atkinson
and Eric Edwards

defense systems (MANPADS) quantification. During that time, he served in
numerous positions of leadership in the
survivability community, including as the
Chief of the Survivability Assessment
Flight, 704th Test Group, Aerospace
Survivability and Safety Office; the
Chair, Co-Chair, and Secretary of the
AIAA SURTC; an AIAA Associate
Fellow; the Co-Chair and Air Force
Representative of the JASPO
Vulnerability Subgroup; and the Chair of
JASP’s Armor Committee. Alex was
also the U.S. Technical Lead, Air Force
Technical Lead, and Chairman of the
International Aircraft Survivability
Technology Working Group, Five Powers
Long Term Technical Projects.
Congratulations, Alex, on this welldeserved award!

JAS FY21 JPR
On 19–21 October, approximately 65
aircraft survivability practitioners met at
the Dougherty Conference Center at
Offutt AFB, NE, for the Joint Aircraft
Survivability Program’s (JAS) FY21
Program Review (JPR). During the
three-day meeting, more than 50
JAS-sponsored technical presentations
were given by Government and industry
representatives from across the
community.
The presentations for this year’s JPR
were categorized under the areas of:
 Improve Aircraft Force Protection
• Vulnerability Assessment
Accuracy
• Defeat Fire
• Innovative Armor
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• Structural Vulnerability Reduction
• Nonkinetic Threats
 Aircraft Combat Damage Reporting
 Defeat Near-Peer Adversary Threats
• Infrared
• Radio Frequency
 General Projects
At the end of the meeting, the Principal
Members Steering Group also met to
complete the FY22 JAS program build.
For more information about the FY21
JPR and its presentations, please
contact Mr. Darnell Marbury at
t.d.marybury.ctr@us.navy.mil or
703-604-0387.

BLUEMAX 7.0 RELEASED
In December, the BlueMax Model
Manager announced the release of
BlueMax version 7.0. BlueMax is a
pseudo-6-degree-of-freedom, pointmass aircraft flight dynamics simulation
that leverages installed propulsion data,
trimmed aerodynamic data, flight control
laws/limiters, and structural limit data.

The package also includes a large library
of selectable stores to dynamically
simulate changing drag/weight effects
in flight. BlueMax can be run as a
stand-alone application or interfaced
with other applications. In addition, it
can be used in constructive mode (faster
than real time) with event-driven
scripted maneuvers or as a real-time
operator-in-the-loop in virtual
environments.
Version 7.0 is the first version of
BlueMax to support rotary-wing as well
as fixed-wing aircraft. The release also
includes enhanced unmanned aerial
system support. To request a copy,
contact models@dsiac.org for approval
and download instructions. All technical questions should be directed to
Mr. Hugh Griffis at 937-713-1762 or
hugh.griffis@us.af.mil. Additional
descriptions and documentation are
also available online at https://www.
dodtechipedia.mil/dodwiki/display/JAS/
BlueMax.

One such effort involves the work by the
U.S. Army Combat Capabilities
Development Command’s Aviation and
Missile Center and Lockheed Martin’s
Sikorsky company to develop and field a
novel spaced armor technology for
helicopters and other military aircraft.
This technology features a two-part
system of ultra-high-molecular-weight
polyethylene panels that can maintain
ballistic threat protection with less
weight than traditional armors. The
outer striker panel, which can be
integrated into an aircraft’s outer skin,
is designed to cause an impacting
projectile to tumble, thereby decreasing
its penetrating capability. The catcher
panel, which can be integrated into an
aircraft’s inner wall or floor, is designed
to then stop the projectile.
Another featured effort involves the
recent addition of the Hydrodynamic
Shock Test Apparatus (HSTA) at the
704th Test Group’s Aerospace Vehicle
Survivability Facility at Wright-Patterson
AFB, OH. Using HSTA (shown in Figure 1),
analysts are better able to test and
evaluate structural skin, joint, and spare
component failure from ballistic impacts
on aircraft fuel tanks, fuel lines, pumps,
and other components. The new
apparatus also provides increased

accuracy in pressure and strain measurements (by minimizing noise in
collected test data), improved testing
repeatability, and enhanced high-speed
video collection.
Finally, in accordance with the military’s
ongoing expansion into space operations, the Air Force Institute of
Technology is continuing to expand its
analytical survivability and safety
studies to include the cislunar domain
between the moon and Earth. Recent
focus areas have included spacecraft
survivability to hypervelocity debris
impacts (from catastrophic breakup
events in space), satellite survivability
to micrometeoroids and dust near the
stable Earth-moon Lagrange points, and
the vulnerability of other orbiting space
systems (and planned lunar facilities) to
low- and high-velocity impacts. (For a
detailed example of one of these
studies, see the article on spacecraft
charging vulnerability included later in
this issue of Aircraft Survivability.)
Dr. Robeson’s article, as well as the
Aerospace America 2021 Year in Review
issue, can be found at https://
aerospaceamerica.aiaa.org/
year-in-review-index/2021/.

SURVIVABILITY
ADVANCEMENTS
HIGHLIGHTED IN
AEROSPACE AMERICA
In December, the American Institute of
Aeronautics and Astronautics (AIAA)
published its annual Aerospace America
Year in Review magazine. This year’s
issue included an article by Dr. Mark
Robeson from AIAA’s Survivability
Technical Committee highlighting
several recent research efforts and
advancements in survivability.

Figure 1. Hydrodynamic Shock Test Apparatus (U.S. Air Force Photo).
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JCAT CORNER

By CW3 Paul Olson

U.S. Army Photo by CPL Alisha Grezlik

Since the last iteration of “JCAT Corner,”
the Joint Combat Assessment Team
(JCAT) has continued to face and meet
numerous challenges associated with
the coronavirus pandemic and the
related new normal of teleworking and
restricted travel. In particular, due to
ongoing concerns with the Delta variant
of COVID-19, JCAT’s yearly keystone
event—the Threat Weapons and
Effects (TWE) 2021 training—had to be
cancelled. JCAT still came together,
however, at Eglin AFB and hosted
training and briefings from the Missile
and Space Intelligence Center, Naval Air
Warfare Center, and others, which
allowed the newest members of the
team to finish their training and become
official members of JCAT.
Following the abbreviated TWE,
JCAT-Army (Aviation Survivability
Development and Tactics [ASDAT])
proceeded to Eglin AFB (at a later date)
to detonate two munitions on a CH-47D
AS Journal 2022 /SPRING

frame. With help from Eglin’s explosive
ordnance disposal and range control,
the detonations were a success, and
some high-definition, slow-motion video
was able to be captured for the ASDAT
library. CW4 Mark Chamberlin arranged
for the CH-47D to be transported back
ASDAT’s battle lab at Fort Rucker,
where the airframe will be used for
years to come to train JCAT and Army
Air Mission Survivability Officers
throughout the aviation community in
battle damage effects, damage
collection, and forensics. JCAT-Navy’s
LCDR Sean Stanowski also participated
in the munitions detonation and
recovery of the airframe.
Additionally, ASDAT attended JASP’s
Automated Combat Incident Reporting
demonstration at Patuxent River Naval
Air Station in September. This event
demonstrated a proof-of-concept in
which sensor information, aircraft
systems information, and
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countermeasure response information
are captured and downloaded from a
UH-60S and uploaded into a database
of record. JASP’s LT Tyler Harrell was
able to attend and participate in the
simulator missions. The aircrew
performed scripted maneuvers and
actions while the aircraft’s radar and
missile-warning sensors were stimulated by threats. Both automatic and
manual responses of expendable
countermeasures were deployed to
defeat the threats. Data were recorded
in the ALE-47 system without the
interaction of the aircrew. Upon
completion of each test run, the
engineers downloaded the data from
the ALE-47 and uploaded the information into a commercial off-the-shelf
computer and then into MARAUDER.
ASDAT also continued to provide critical
support to the aviation community in
time of need. During the retrograde of
Afghanistan, CW4 Tyson Martin

traveled on a no-notice request to
provide intelligence and mission support
to Army aviation units providing
quick-reaction capability to the withdrawal in Kabul. During this time, our
team’s intelligence analyst also provided
direct support to the last remaining
Army elements in Afghanistan and the
Marine Corps’ 22nd Marine
Expeditionary Unit as they conducted
retrograde operations, assisted with
noncombatant evacuation operations,
and provided security at the Hamid
Karzai International Airport. This

support occurred during a time in which
the security situation in Kabul was
deteriorating rapidly and came in the
form of constant collaboration with
forward deployed elements, the Army
Aviation Center of Excellence’s Threat
Branch, various intelligence agencies,
and Department of State
representatives.
ASDAT was also present at the Eastern
Army National Guard Aviation Training
Site, where it worked with the Aviation
Survivability office to provide training,

guidance, and education on the latest
issues affecting the aviation community.
In addition, the Air Force JCAT continues to find ways to best support
down-range operations with a smaller
team. Air Force Depot Liaison Engineers
continue to be trained in JCAT procedures prior to deployment, ensuring
threat weapons effects are properly
captured and documented. New
mechanisms for identifying and
deploying JCAT-trained individuals are
also being explored.
Finally, in terms of hails and farewells,
ASDAT would like to welcome CW4 Rich
Barnett from Fort Bragg. Rich joins the
team none too early, as the team is
closing in on the retirement of two
members and the permanent change of
station of a third. We are thus looking
forward to having Rich trained up and
helping to usher in the next chapter of
ASDAT initiatives. Likewise, Air Force
JCAT congratulates Lt. Col. Andrew
Roberts on an outstanding career and
wishes him the best of luck in retirement.

U.S. Air Force Photo by SrA. Brennen Lege

HEARD ANY
NEWS?
If you know of a
community-related event,
announcement, or other
news item that you
would like to submit for
consideration as a News
Note, please contact
Mr. Dale Atkinson at
daleatk@gmail.com.

U.S. Navy Photo by Mass Comm. Specialist 3rd Class Caden Richmond
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ADDITIVE MANUFACTURING
AND BALLISTIC TESTING OF
NEXT-GENERATION HONEYCOMB
STRUCTURES FOR LIGHTER
ARMOR SOLUTIONS
By Maj. Levi Thomas, Maj. Ryan Kemnitz, Ryan Kinkade, Richard Nyquist, and Lt. Col. Derek Spear

U.S. Air Force Photo

Aircraft armor is typically heavy, but does it have to be? Many military missions today require heavy
armor for enhanced survivability, but this “dead weight” also reduces aircraft performance in nearly
every way. Additionally, while the geometry of traditional armor solutions has largely been limited
to simple shapes, the increased accessibility of additive manufacturing (AM)—also referred to as
3-D printing—is presenting new possibilities for the types of geometries that can be made and
fielded. These geometries include complex internal structures with increased strength-to-weight
ratios. So, could such structures be employed to produce lighter, equally effective aircraft armor?
In particular, could they be integrated into the load-bearing structure of the aircraft to save additional weight while also being able to retain their structural advantages under the high strain rates
associated with ballistic impacts? If so, such a breakthrough could help mitigate the weight penalty
associated with traditional aircraft armor and provide the military with a distinct edge in terms of
aircraft survivability and performance.
AS Journal 2022 /SPRING

jasp-online.org		

8

Before AM structures can be
considered for potential aircraft armor
solutions, however, two pertinent
questions must be answered:
1. How do AM metals perform at the
high strain rates present in ballistics?
2. What internal structures are optimal
for ballistic performance?

To address these questions, a research
group at the Air Force Institute of
Technology used an AM process to
produce several armor samples with
complex internal structures and, in
collaboration with the 704th Test
Group, tested their ballistic
performance.

TPMS: THE NEXTGENERATION
HONEYCOMB PANEL
The complex internal structures
discussed herein are visually similar to
traditional honeycomb paneling—the
lightweight structures made with a
hexagonal internal layer often used in
modern aircraft. Honeycomb paneling
is an exception to the general truth
that complex structures are more
difficult to manufacture. That said,
this paneling actually exhibits
complexity in only two dimensions.
Conversely, the next generation in
lightweight structures with complex
internal structure is a group called
triply periodic minimal surface (TPMS).
The internal structure of a TPMS can
be thought of as a sine wave with
periodicity in all three dimensions (see
Figure 1), and these structures are
subsequently “strong” in all three
dimensions.
The first two TPMS shapes (Primitive
and Diamond) were discovered by
Hermann Schwarz in the 1860s, and

Figure 1. Illustration of One Type of TPMS
Surface—the “Schwarz P” [1].

several more (most notably the Gyroid)
were discovered by Alan Schoen in the
1970s [2]. TPMS structures have been
observed in natural settings. For
example, Diamond structures have
been found in beetle scales [3], and
Gyroid structures have been found in
butterfly wings [4]. However, these
structures have also been found to be
effective in man-made structures as
well.
TPMS structures are uniquely suitable
for modern part infills. The smooth
continuity of TPMS structures results
in reduced stress concentrations on
AM parts [5]; and the TPMS construct
can be tailored for different designs,
mechanical requirements, and overall
weight limitations, enabling optimized
solutions for numerous applications,
including the specialized field of
aircraft armor.
Future helicopter designs, for example,
could include bespoke TPMS layers
integrated into a monocoque shell,
providing lightweight armor as part of
the structural skin. These TPMS
layers would be implemented in
aircraft structures in a “sandwich”
configuration, between front and back
plating, with the plating optimized for
survivability against small-arms fire,
for aerodynamics, or for structural
strength.
Because of their periodic nature and
smooth topology, TPMS structures are
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The integration of TPMS
structures could help mitigate
the weight penalty associated
with traditional aircraft armor
and provide the military with a
distinct edge in terms of
aircraft survivability and
performance.
a competitive choice for part infills.
Many TPMS infill types perform better
under compression than traditional
strut lattices [6]. Zhao et al. [5] found
that TPMS structures of comparable
geometry to body-centered cubic
(BCC) lattices were superior to their
strut-type counterparts under
compression at 20% and 30% relative
densities. The advantages of TPMS
structures over strut-based structures
stem from a reduction in stress
concentrations as a result of the
curvature [5].

TPMS SHEET AND
SKELETAL STRUCTURES
Because a TPMS is without thickness,
it can be represented in one of two
structure types: sheet-type structures
and skeletal-type structures. As
illustrated in Figure 2, sheet-type
structures are produced by simply
thickening the surface itself, while
skeletal-type structures are produced
by filling a region defined by the
surface. Because sheet structures
have been shown to outperform
skeletal structures of the same period
and density, sheet structures were
chosen for the testing described
herein [6, 7].

jasp-online.org

AS Journal 2022 / SPRING

Figure 2. Sheet and Skeletal Diamond Structures (Left); Sheet and Skeletal Gyroid Structures (Right).

TPMS structures promise significant
structural advantages for lightweight
applications, but much of the
mechanical behavior of TPMS infills
has yet to be characterized. Several
recent studies have evaluated metallic
TPMS structures in quasi-static
compression [6–10]. Comparatively
little, however, is known about their
response to impact. Ballistic impact
and response to high strain rates are
critically important to characterize for
applications such as aircraft armor.

Figure 3 shows a single build plate on
which both types of armor samples
were printed. Each of these samples
was printed from a powdered nickel
alloy, either AF9628 or Inconel. For
the impact testing, six cylindrical
TPMS projectile specimens were
fabricated using three different cellular
designs: Diamond, I-WP, and Primitive.

into the gas gun and fired at a rigid
plate for impact testing. This test
setup was used as a suitable
substitute for the Taylor-impact (or
Taylor-anvil) test, with the aim of
determining the time-dependent
mechanical properties of the TPMS
structures.

AM PRODUCTION
All samples were additively
manufactured through a form of laser
powder bed fusion (LPBF) called
selective laser melting (SLM). The
SLM process involves using a laser to
melt thin layers of metal powder. The
laser is directed by computer
instructions to melt areas of the
powder bed, welding the metal
powder into previously melted layers.
Powder layer thickness, laser power,
laser scanning speed, and laser scan
spacing (or hatch spacing) are common
user-varied parameters. After 3-D
printing, all samples were removed
from the metal build plates by wire
electrical discharge machining (EDM).
The samples were neither stressrelieved prior to removal from the build
plate nor subjected to heat treatments
after removal.

AS Journal 2022 /SPRING

Figure 3. Armor and Projectile TPMS Samples Inside a 3-D Printer (Left) and Close-Up of the Build Plate (Right).

RANGE TESTING
All ballistics testing was performed at
the 704th Test Group’s Range A at
Wright-Patterson AFB. Half-inch
tungsten carbide ball bearings,
simulating traditional 0.50-cal. rounds,
were fired at the TPMS armor samples
by a nitrogen-powered gas gun (shown
in Figure 4). The projectile velocity
was measured before and after
impacting the armor to determine the
kinetic energy absorbed. In the
second set of testing, the TPMS
structures were themselves loaded

jasp-online.org		
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Digital image correlation (DIC) was
used to determine the impact velocity
of the ball bearings and the TPMS
projectiles. For the ball bearings, DIC
was used to measure the speed of the
bearing before and after impact. The
TPMS projectiles used DIC to
determine the strain subjected to the
specimen due to impact loading by
finding the change in length of the
specimen through the imagery, as well
as to determine the change in
projectile velocity. The change in
velocity was then used to calculate
the force, and subsequently stress, on

Figure 4. Pneumatic Accelerator for Half-Inch Ball Bearings, Which Simulate 0.50-cal. Rounds.

TPMS structures promise
significant structural
advantages for lightweight
applications, but much of the
mechanical behavior of TPMS
infills has yet to be
characterized.

the specimen using the force impulse
balance shown in equation 1.
F = dtd (mV)=m( dV
).
dt

(1)

ENERGY ABSORPTION
From the perspective of survivability,
aircraft armor must absorb and
dissipate the kinetic energy of the
projectile. The size of the projectile’s
cross section gives an estimate of the
area over which the armor directly
acts to absorb the projectile energy.
Not surprisingly, this quotient yields
units of energy per area—similar to
an energy flux—and is an important
parameter in the design of aircraft
armor (see equation 2).
= KE
=energy flux.
A

(2)

The functional form of this energy flux
shows that the difficulty of stopping a
projectile goes with its mass, the

square of its velocity, and the inverse
of its cross-sectional area.

benefit and relative density as the
cost.

The more conventional method of
characterizing armor from ballistic
impacts is the ballistic penetration
velocity—or V50 —as described by the
Department of Defense Test Method
Standard MIL-STD-662F [11]. The V50
testing procedure, which seeks to
determines the velocity at which a
projectile has a 50% probability of
penetrating an armor sample,
accounts for the projectile size and
velocity and provides a reliable and
defensible way of comparing different
armor types during a single test
campaign. A good example of its use
is the prior work of McWilliams et al.,
where AM titanium and aluminum
lattice structures were compared to
their wrought plate counterparts [12].
The V50 procedure may, however, not
result in comparable and repeatable
results when different projectile types
(e.g., 0.223-cal., 0.30-cal., or 0.50-cal.
rounds) are used for testing because
the size and mass of the projectile are
not controlled with this method. This
so-called energy flux of the projectile
is, therefore, also an important
parameter to report in ballistics and
armor-penetration testing.

To summarize the test matrix, two
materials (AF9628 steel and IN-716
Inconel), three TPMS types (Gyroid,
Diamond, and I-WP), and relative
densities ranging from 10 to 18% were
tested. The cell width (or period) of
the TPMS structures was held
constant, and no heat treatments
were applied.

An armor type is considered superior if
it has enhanced ballistic performance
at a given weight or mass. Because
all testing for this effort was
performed with identical ball bearings,
we consider energy absorption as the
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RESULTS AND
DISCUSSION
At the highest relative density, the
AF9628 armor completely (or almost
completely) arrested the projectiles,
thereby providing an estimate of the
V50 [11]. The Gyroid TPMS fully
arrested the slowest projectiles, but
shots with higher entrance velocities
penetrated with linearly increasing
exit velocity. Due to the linear nature,
we can estimate a lower bound for the
V50 of the AF9628 Sheet Gyroid armor
of 242 m/s (541 mph). We can
likewise estimate an upper bound for
the V50 for the of AF9628 Sheet
Diamond armor of 259 m/s (579 mph)
with the average of the seven
projectile velocities, as only one of the
recorded shots penetrated.
While velocity can be directly
measured, it is ultimately the kinetic
energy of the projectile that the armor
must dissipate into strain work and

jasp-online.org
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heat to arrest the half-inch (0.50-cal.)
tungsten ball bearing. Data from the
18% relative density tests provide a
lower bound that these specific armor
samples cannot reliably arrest a
0.50-cal. round with more than 525 J.
Past this lower limit, we see what
appears to be a linear increase in the
kinetic energy absorbed by the armor
with increasing projectile velocity.
Additionally, these data represent the
performance of samples of different
relative densities (10% to 18%),
materials, and structures.

absorb energy, there are several
characteristics to note from the
stress-strain response curves obtained
as part of this study. First, the
lower-relative-density Diamond
specimen exhibited a balance
between the plateau stress and
densification point, which indicates
that, of the specimens tested, this
specimen would likely have absorbed
the most energy. The I-WP designs
both had higher plateau stress values
(shown in Figure 6), but they also
showed much earlier densification
than the Diamond. Finally, the
Primitive design displayed the lowest
plateau stress values of the designs
but exhibited a delayed densification
when compared to the other two
designs. This result indicates that the
Primitive design would perform better
in energy-absorbing situations if the
relative density, and subsequent mass,
were not an issue.

Figure 5 shows the kinetic energy
absorption profile and partitions the
data into two groups based on the
entrance velocity. Although the data
are somewhat sparse, we observe
two distinct linear relationships in
ballistic performance. The strong R2
values in these two groupings indicate
a high degree of correlation between
relative density and energy absorption
for that group of data.

The lattice toughness can be
estimated by determining the stressstrain response of the projectile under
a high strain rate impact. Toughness
is calculated as the area beneath the
stress-strain response curve from the
initiation of loading to the densification

Generally, the ability of a cellular
structure to absorb energy during
loading is found by determining the
design’s toughness. In considering the
ability of these TPMS designs to
600

∫ f(ε)dε ≈

[f(a)+f(b)].

(3)

As there were limited data points
collected at the high impact velocity,
incremental stress values were
estimated using a linear fit between
the experimental data. The results
indicate that the Diamond lattice
provides the highest toughness value,
even with a lower relative density
than the other lattices. Due to the
atypical response present in the
second Diamond projectile, both
Diamond specimens had a nearly
identical toughness value even with a
5.48% difference in relative density.
The I-WP lattice provided the next
highest toughness values, with a lower
spread in toughness than relative
density. For a 5.60% increase in
relative density, the toughness for the
I-WP rose only 2.23%. Finally, the
Primitive lattice toughness was the
lowest of the three lattices tested
under impact conditions. There was

300
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Engineering Stress (MPa)
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strain. This numerical integration is
implemented using the trapezoidal rule
(shown in equation 3), where the
incremental lower bound is shown as
a, and the incremental upper bound is
shown as b.
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Figure 5. Kinetic Energy Absorption Profile With Shots Grouped Based on
Projectile Velocity.
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The Diamond TPMS design
will absorb more energy than
the other designs examined
across the tested velocity and
relative density range. It also
exhibited the highest toughness values.

minimal spread in toughness, which
was expected with the closeness in
relative density of the two specimens.

CONCLUSION
Prior to this work, sheet-type TPMS
structures were shown to outperform
those of the skeletal type. From
among these sheet-type structures,
Gyroid, Diamond, and I-WP were
chosen for ballistic testing. This
testing suggests that the Sheet
Diamond structures are well suited for
ballistics, as they exhibited better
performance in terms of energy
absorption. The relative density of the
TPMS structures was shown to have a
nearly linear effect on energy
absorption over the range of densities
measured in this investigation,
supporting the possibility of customtailored armor designs to optimize
increased ballistic performance or
decreased weight.
Finally, two different materials with
different mechanical properties were
tested. Although samples from the
materials were tested at different
relative densities, the strong Pearson’s
correlation coefficient found supports
that they belong to the same data
group in exhibiting a linear relationship
between relative density and kinetic

energy absorption capability.
Although this finding does not
downplay the significance of the
material’s mechanical properties, it
does show that the effect of relative
density may be the more important
factor.
In addition, the anvil-type impact
testing of projectiles incorporating
TPMS designs provided a measure of
engineering toughness. The results
from this testing allowed for a more
detailed analysis of how the different
designs were being loaded under
impact conditions despite the fact that
the time and spatial resolution of the
camera were insufficient for detailed
analysis. The two factors that must
be considered in determining the
ability of a design to absorb energy
are the stress values of the response,
primarily in the plateau region, and the
densification point. As the curves
show, the Diamond TPMS design
balances these two factors, where the
I-WP exhibits higher stress values and
the Primitive design delays
densification. The Diamond also
exhibited the highest toughness
values. The results found here support
the results of the ballistic testing with
TPMS armor plates as targets; the
Diamond TPMS design will absorb
more energy than the other designs
examined across the tested velocity
and relative density range.
This initial work has briefly explored
some exciting new possibilities for
lightweight aircraft armor solutions.
Using the mathematical concept of a
TPMS, AM armor samples were
successfully produced and then
ballistically tested under conditions
representative of modern small-arms
fire. Based on the positive
performance demonstrated by some of
these TPMS structures, a promising
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new option has been shown to exist
for next-generation aircraft armor
research, development, and
acquisition.
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SURVIVABILITY ANALYSIS IN
THE SHADOW OF APOLLO:
PART II – SPACECRAFT
CHARGING VULNERABILITY
NEAR THE STABLE EARTHMOON LAGRANGE POINTS
By Maj. Robert Bettinger, Nathan Boone, Maj. Nicolas Hamilton, and Lt. Col. Bryan Little
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Though the reality of routine travel and sustained operations in space likely remains several decades
away, the building blocks of space exploration and space system development necessary to realize
this reality are currently being laid by peer, near-peer, and emerging space-faring nations. The
pursuance of sustained cislunar space operations will necessitate a renewed examination of
spacecraft survivability and the capability of spacecraft to avoid and/or withstand the natural
and manmade environmental risks posed by this “new” ultimate high ground.
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In Part I of this two-part series—
published in the fall 2021 issue of
Aircraft Survivability [1]—the threats
to spacecraft due to kinetic impacts
resulting from catastrophic explosions
were examined, as was the likelihood
of survivability assessed for a variety
of different locations in cislunar space.
Now, in this second part of the series,
the spacecraft threats shift away from
kinetics to that of electrical charging
for spacecraft operating in the
dust-enveloped environment of the
stable L4 and L5 Lagrange points.

INTRODUCTION
As more spacecraft begin to operate
in cislunar space, an accurate
understanding of the threats to
spacecraft due to debris and the
general natural space environment is
needed. Certain orbits in cislunar
space may be especially vulnerable to
environmental effects, particularly
near the L4 and L5 Earth-Moon
Lagrange points, which are stable in
the restricted three-body problem.
These points could be useful for space
operations due to this very stability,
thus allowing a spacecraft to remain
relatively stationary in a rotating
reference frame with minimal stationkeeping. However, this stability leads
to an accumulation of dust grains and
meteoroids.
(Note that, in many sources, dust
grains are considered as a subset of
meteoroids, and no distinction
between the two types of natural
debris is observed. For this article, a
dust grain refers to a grouping of
atoms ranging in size from tens of
atoms to 1,012 or more atoms in
micrometer-scale particles [2]. By
comparison, meteoroids are larger
rocky or metallic objects smaller than

AS Journal 2022 /SPRING

The pursuance of sustained
cislunar space operations
will necessitate a renewed
examination of spacecraft
survivability and the capability
of spacecraft to avoid and/or
withstand the natural and
manmade environmental risks
posed by this “new” ultimate
high ground.
asteroids and ranging in size from
several centimeters to approximately
1 m in diameter.)
Several previous studies have
investigated the existence of
“Kordylewski clouds,” which are
accumulations of lunar and
interplanetary dust and debris
observed near the Earth-Moon L4 and
L5 points. In their study of the
Kordylewski clouds, Slíz-Balogh, Barta,
and Horváth noted that dust grains
and rock-sized particles should be able
to circulate in the vicinity of the L4 and
L5 Lagrange points for weeks or even
months [3]. The potential risk to
spacecraft operations from these
natural debris objects has been largely
unstudied.
The research described herein
examines the risks to spacecraft due
to dust grain accumulations at the
Earth-Moon L4 and L5 points from the
perspective of spacecraft charging
rather than particle kinetic impact. For
an assessment of kinetic impact risk,
see Boone and Bettinger [4].
Spacecraft charging is a phenomenon
that can produce effects such as
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localized arc-discharging and a
transient broadband electromagnetic
pulse. These effects can cause
onboard electronic components to fail
or suffer degraded performance. If
the charging is great enough on the
exterior and/or internal spacecraft
structure, then localized component
heating and material sputtering may
also occur [5].
Using a trajectory model that
incorporates the gravitational
influences of the Earth, Moon, and
Sun, this article simulates the motion
of dust particles trapped near L4 and L5
to assess the risks of spacecraft
charging to nearby spacecraft.
Research into the motion and resulting
charge effects of dust grains near the
stable Earth-Moon Lagrange points
will enable an improved understanding
of the potential risks posed by the
Kordylewski clouds and ultimately
enhance operational planning for
potential Lagrange point missions in
the future.

NATURAL DEBRIS
ENVIRONMENT
The natural debris environment in
cislunar space has been a subject of
research since the mid-20th century. In
a 1961 study, Singer [6] analytically
predicted the existence of a dust shell
around the Earth with a concentration
a few times higher than the
concentration of dust in interplanetary
space. In a 1965 NASA report,
Burbank, Cour-Palais, and McAllum [7]
developed expressions for the flux of
meteoroid particles in cislunar space
as a function of both physical size and
mass. This report noted that the size
of meteoroids in the Earth-Moon
system is greater than 0.3 µm for
metallic particles because smaller

particles are swept out of the Solar
System by solar radiation pressure.
More recently, Altobelli, Grün, and
Landgraf [8] studied data collected
from the Helios spacecraft to analyze
the density, composition, and
interaction of interplanetary dust with
solar radiation pressure near Earth. In
this article, the ratio of solar radiation
pressure to the gravitational force was
calculated as a function of particle
mass. This ratio is extremely small for
particles heavier than approximately
10-10 kg, thus indicating that gravity
imparts a more significant influence on
the motion of larger particles.
Kordylewski Clouds

Objects orbiting the L4 and L5 points
are in stable equilibrium and will tend
to return to those points if perturbed.
Any object orbiting at one of the
collinear Lagrange points—that is, L1,
L2, or L3—is in unstable equilibrium
and will tend to diverge from these
points if perturbed. Therefore, natural
satellites at the L4 and L5 points are
common.

and unsuccessful, to observe these
clouds, which are now known as the
Kordylewski clouds.
Several papers have sought to explain
the dynamics of the hypothesized
Kordylewski clouds and demonstrate
their existence. In 1964, Pohle [10]
concluded that a three-body dynamical
model allows for the motion of dust
cloud shapes like those observed by
Kordylewski. Salnikova, Stepanov, et
al. have extensively studied the
Kordylewski clouds and showed that
dust is stable at the L4 and L5 points
even with the dynamical inclusion of
gravitational perturbations from the
Sun as a fourth body [9, 11–13]. These
studies included the optimal times for
maximum visibility of the clouds as
seen from Earth [11], the motion of
charged dust grains in the clouds [9],
the development of a probabilistic
model for the distribution of dust [12],
and the possibility of multiple dust
clouds [13].

In 2018, a detailed study by SlízBalogh, Barta, and Horváth [4, 14] was
reported to have confirmed the
existence of the Kordylewski clouds.
In the first phase of their study [4], the
authors sought to determine if lunar or
interplanetary dust would become
trapped near the L5 point by simulating
the movement of 1,860,000 particles
using four-body dynamics. Computer
simulations reveal that the cloud
structure and density are not constant
as a function of time. The resulting
distribution of particle positions
matched well with optical analysis
conducted using ground-based
imaging polarimetry in the second part
of the study [14]. From this optical
analysis, polarization patterns indicate
an excess of silicate or limonite rather
than ice or metallic particles in the
clouds. By comparison, the number
density of particles comprising the
Kordylewski clouds is greater than the
density of the background zodiacal
dust.

For example, astronomers have
observed More than 7,000 asteroids at
the Sun-Jupiter L4 and L5 points [9].
Due to the stability of these points,
Polish astronomer Kazimierz
Kordylewski first began searching for
large objects near the Earth-Moon L4
and L5 points with a telescope in 1951.
After the initial search proved
unsuccessful, Kordylewski instead
began looking for a cloud of small dust
particles collectively visible on dark
and clear nights. He first observed
large patches of dust near the L5 point
in 1956 and then succeeded in
photographing the dust patches in
1961. There have since been
numerous attempts, both successful
Image Courtesy of NASA
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Dust Grain Characteristics

The Kordylewski clouds likely comprise
dust grains and micrometeoroids
originating from interplanetary and
lunar sources. From Misra and Mishra
(2013) [15], interplanetary dust clouds
are typically fine-grain mixtures of
thousands of millions of mineral grains
and amorphous components. The dust
is primarily composed of graphite and
silicate particles, with sizes ranging
from several angstroms to a few
millimeters in approximate diameter [2,
15]. Graphite grains are
characteristically identified as being
“metallic,” while silicate grains are
“dielectric” [16]. Lunar dust and soil, on
the other hand, are primarily
composed of silicates [17]. For lunar
dust and regolith studies, Marshall,
Richard, and Davis [18] indicates that
silica fume and limonite dust (Fe2O3)
are sometimes used as experimental
surrogates due to their dielectric and
ultrafine properties, while basalt (a
silicate, mainly SiO3) is considered to
be a “reasonable sample” for the
optical properties of the lunar regolith
[19].

incorporating the gravitational
influence of the Sun is preferable for
long-term trajectory modeling. An
extension of the CR3BP, the BCR4BP
includes solar gravity and assumes
that the Earth and Moon move in
circular orbits about their barycenter.
The barycenter itself revolves in a
circular orbit about the Sun-EarthMoon barycenter, with all orbits
assumed to be coplanar in geometry.
A diagram of the BCR4BP is shown in
Figure 1. The equations of motion are
again derived in the Earth-Moon
barycentric rotating reference frame
shown in the figure, and these
equations form the main trajectory
model for dust grain motion in this
article.
The second-order nondimensional
equations of motion of the BCR4BP in
the Earth-Moon rotating frame are

,(1)

and
. (3)
The angular velocity of the system
about the Sun-Earth-Moon barycenter,
, is given by the following
expression:
.

(4)

With respect to the Sun-Earth-Moon
barycenter, the coordinates of the Sun
are computed by

and

with the distance from the Sun to the
particle given by
. (6)

The two main components of the
spacecraft charging simulation are the
trajectory generation and spacecraft
charging models. The governing
equations, mathematical relationships,
and analytical assumptions used for
each component of the simulation are
discussed in this section.
Bi-Circular Restricted Four-Body
Problem (BCR4BP)

AS Journal 2022 /SPRING

(2)

, (5)

METHODOLOGY

Although the Circular Restricted
Three-Body Problem (CR3BP) provides
significant insight into the dynamics of
the Earth-Moon system, a model

,

Figure 1. BCR4BP Coordinate Frames.
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Spacecraft and Dust Grain Initial
Conditions

Dust grains are assumed to be initially
moving extremely slowly relative to a
generic spacecraft positioned at the L4
and L5 Lagrange points. The
spacecraft is represented as a sphere
with a radius of 10 m to account for
solar arrays and/or other hardware
extending from the central bus
structure. The dust grain initial
conditions are similar to those used by
Slíz-Balogh, Barta, and Horváth [3] in
their study of the Kordylewski clouds.
The grains are distributed randomly in
position and velocity using random
numbers generated from a standard
normal distribution, as shown in Table
1, with the parameter Zi representing
a random number generated from the
standard normal distribution. All
generated random numbers are scaled
by 10-7 for position and by 10-6 for
velocity.
Table 1. Initial Particle Conditions in the Vicinity of
L4 and L 5
Initial Condition

Value

x0

x0,L4/5 ± Z1 x 10 -7

y0

y0,L4/5 ± Z2 x 10 -7

z0

z0,L4/5 ± Z3 x 10 -7

vx0

vx0,L4/5 ± Z4 x 10 -6

vy0

v y0,L4/5 ± Z5 x 10 -6

vz0

vz0,L4/5 ± Z6 x 10 -6

The dust clouds are assumed to be
homogeneous in composition,
containing only spherical silicate
grains with a uniform particle mass
density of 2 x 10-18 kg⁄m3 and a radial
size of 0.1 μm [20, 21]. The
Kordylewski cloud temperature is
assumed to be t ≈ 250 K, which is
equivalent to the approximate
temperature of background
interplanetary dust particles [15]. Only
dust particles that could induce

charging effects in the event of a
kinetic impact are considered in this
article; therefore, all particles larger
than 0.1 μm are ignored to isolate
potential charging-derived damage
effects. The simulation assumes that
all dust grains, similar to lunar dust,
will adhere to the spacecraft following
impact and not feature any specular
motion with respect to the spacecraft
surface [22]. Lastly, the simulation
will not model dust mass flux into and
out of the Earth-Moon system.

+6.5 V [16]. The dependence of grain
electric potential ( ) on solar radiation
incidence angle ( ) is approximated
the following cosine function:
,

where d is the approximate
maximum potential of +14 V for
silicate dust grains and
[0,π⁄2] rad.
According to [20], the surface charge
of silicate grains is approximated by
,

Charging Model

In terms of electrical characteristics,
silicate grains may feature a maximum
positive potential of approximately +14 V
when exposed to the maximum phase
of solar wind at 1 astronomical unit
(AU), or the mean distance of the
Earth from the Sun. Mukai [16] notes
a potential range of +4.2 to +6.5 V for
an average solar wind phase at 1 AU,
while Mann [20] indicates an average
potential of +3.2 (+0.5/–0.05) V. In the
maximum solar wind phase, the
electric potential for silicate grains
becomes nearly independent of grain
radius. In the interplanetary medium,
the dominant dust charging is process
photoelectron emission, followed by
secondary electron emission, and
electron/ion accretion on the dust
particle surface [15, 20]. Despite size
variations, dust grains of the same
material in complex plasma exhibit a
uniform electric potential, and the
charge on a particle is generally
proportional to its grain radius [15].
In the Earth-Moon system, silicate
grains are assumed to exhibit a
maximum positive potential of
approximately +14 V when exposed to
the maximum phase of solar wind; for
average solar wind phase, this
potential reduces to between +4.2 and
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(7)

(8)

where 0 is the electrical permittivity
of free space and rd is the grain radius.
For grains with a radius of 0.1 μm, q =
–240e and e = 1.60217653 x 10-19 J⁄eV,
or a single elementary charge. When
silicate grains impact the spacecraft
surface, the collected electric current
is given by [23]
, (9)
where kB = 1.3806505 x 10-23 J⁄K
(Boltzmann’s constant), n is the
number density, v is the particle speed,
T is the particle temperature, q is the
charge, and rSC corresponds to the
spacecraft radius.
For comparison, the current induced by
the ambient solar plasma on a
spacecraft at L4 and L5 is also
computed using equation (9). In total,
the plasma contains electrons, ions,
and neutral atoms. The average
plasma number density is assumed to
be 5 x 106 m-3, with a temperature of
2 x 105 K and a speed of 500 km/s
based on an average speed range of
300–800 km/s expected for solar wind
in the Earth-Moon system [15, 20, 24].
The electric potential of the solar
plasma is estimated with the following
expression [25]:
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,

(10)

where the denominator is again
representing a single elementary
charge and Tplasma is the plasma
temperature. The interactions from
plasma particles originating from the
interstellar medium are assumed to be
negligible [26].

ANALYSIS AND RESULTS
The following sections provide the
results of the spacecraft charging
study for silicate dust grains simulated
using the BCR4BP trajectory model.
Dust grains were simulated for the five
initial start times of cases t0 =
[0.0,0.2,0.4,0.6,0.8] TU with ∆t = 0.2 TU.
For the first case where t0 = 0.0 TU, the
simulation begins with the Sun, Earth,
and Moon initially positioned in a line
(i.e., ω1t and ω2t in Figure 1 equal to
zero). In total, the motion and
estimated charging effects of 100,000
grains were simulated relative to a
spacecraft station-keeping at either the
L4 or L5 point for each time case. As
an example, Figure 2 illustrates the
initial position of 100,000 dust grains
about the L4 point.

experienced a total of 119 grain
impacts on the 10-m spacecraft, which
corresponds to 0.119% of the initial
dust grain population. The dust grain
impact geometry is illustrated by the
polar histogram subplot of Figure 3,
with the angle sweep of the sun vector
given by the yellow triangle. Over the
simulation duration of ∆t = 0.2 TU, the
highest induced electric current was
6 x 10-8 mA, which was a function of
both the low speed of the grains
relative to the spacecraft and the
lower grain temperature. Compared
with solar plasma featuring an
assumed speed of 500 km/s, the
maximum relative grain speed for this
case is 0.05 m/s. Based on the
assumed characteristics for solar
plasma in cislunar space, equation (10)
estimates the induced current as
1.8 mA—a value several orders of
magnitude greater than the current
induced by impacting dust grains.
Similar results are shown in Figures 4
and 5 for cases with t0 = 0.4 TU and
t0 = 0.8 TU, respectively. Of note, the
number of grain impacts increases
from 119 (for t0 = 0.0 TU) to 151 (or

0.151%) and 141 (or 0.141%) for these
cases, respectively. Changes to
simulation start time also produced
changes to the ingress direction or
incident angle of the dust grains
relative to the spacecraft. While the
t0 = 0.0 TU case produces the greatest
percentage of impacts in the second
quadrant relative to the spacecraft,
this starts to shift to the first and third
quadrants for t0 = 0.4 TU and t0 = 0.8 TU
cases. Table 2 lists the following
impact characteristics at L4 for the five
initial start time cases: the total
number of grain impacts, the
maximum average relative speed of

Overall, this preliminary
analysis reveals the risk to
spacecraft from external
charging induced by dust grain
impacts at L4 or L5 to be
extremely low.

Spacecraft Charging at L4

As shown in Figure 3, the first
simulation case for L4 (t0 = 0.0 TU)

Figure 2. Example Three-Dimensional View of
Initial Grain Positions about L4.
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Figure 3. Grain Impact Characteristics and Induced Electric Current at L4 (t0 = 0.0 TU).
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the grains, the maximum electric
current induced on the spacecraft, and
the impact direction in terms of
quadrant of arrival for the dust grains.
Spacecraft Charging at L5

To analyze charging risks at the L5
point, silicate dust grains are also
distributed about L5 according to the
initial conditions shown in Table 1. As
with the simulation of grains about L4,
dust motion is propagated for the five
initial start times of cases t0 =
[0.0,0.2,0.4,0.6,0.8] TU with ∆t = 0.2 TU.
For these simulation cases,
approximately 0.12% of grains from
the initial cloud impacted the spherical
spacecraft. Similar relative speeds
and induced electric current were
observed for grains impacts with the
results obtained for the L4 simulations.
Grain impact characteristics for case
start times of t0 = 0.0,0.4, and 0.8 TU
are shown in Figures 6, 7, and 8,
respectively, for L5.

Figure 4. Grain Impact Characteristics and Induced Electric Current at L4 (t0 = 0.4 TU).

When compared, noticeable
differences between the dust grain
behavior at the L4 and L5 points arise in
terms of impact geometry and average
relative speed. While the impacts at
L4 were primarily focused in the first
and second quadrants, the impacts at
L5 shift to the second and third
quadrants. For speed, the impacts at
L4 were in the range of 0.05–0.06 m/s,
whereas the speed increased to
0.07–0.09 m/s for L5. A combined
listing of grain impact characteristics
at L5 is given in Table 3.

Figure 5. Grain Impact Characteristics and Induced Electric Current at L4 (t0 = 0.8 TU).

Table 2. Estimated Dust Impact Characteristics for Spacecraft at L4
t0

Number of
Impacts

Average Rel. Speed
(Maximum)

Electric Current
(Maximum)

Impact Direction
(Quadrants)

0.0

119

0.05 m/s

6.0 x 10 mA

2

0.2

153

0.06 m/s

7.2 x 10 -8 mA

2

0.4

151

0.06 m/s

9.0 x 10 mA

1

0.6

136

0.06 m/s

7.5 x 10 -8 mA

1, 3

0.8

141

0.06 m/s

4.0 x 10 -8 mA

1, 3

-8

-8
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GENERAL ANALYSIS
Overall, this preliminary analysis
reveals the risk to spacecraft from
external charging induced by dust
grain impacts at L4 or L5 to be
extremely low. This low risk is due to
jasp-online.org
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situ natural environment at L4 or L5 is
assessed as low.

Figure 6. Grain Impact Characteristics and Induced Electric Current at L 5 (t0 = 0.0 TU).

Figure. 7. Grain Impact Characteristics and Induced Electric Current at L 5 (t0 = 0.4 TU).

both the slower speed and lower
temperature of the dust grains in the
Kordylewski clouds relative to the
solar plasma. Even though the solar
plasma does produce an appreciable
charging risk, a similar risk is assessed
to be negligible for silicate dust grains
over short time periods.
In terms of internal charging, Leach
and Alexander [27] states that
electron energies on the order of
AS Journal 2022 /SPRING

10 keV to several megaelectronvolts
are required for charged particles to
penetrate external spacecraft
surfaces and deposit electric charge
within internal components and
structures. By comparison, the
estimated dust grain energy is
0.0215 eV, while the plasma energy
is approximated at 17.235 eV. These
energies do not breach the penetration
threshold of external surfaces and, as
a result, internal charging due to the in

jasp-online.org		
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Internal charging is indeed possible;
however, such occurrences would
likely be the result of charged particles
leaking into internal spacecraft
components and structures through
the inadequate external shielding and/
or the introduction of highly energetic
particles into the environment from
interstellar origin. Although the
spacecraft was assumed to be
spherical in shape so as to promote
system design independence, this
assumption does mask potential
effects due to differential charging
resulting from dust and plasma
impacts on complex structural
geometries and different external
materials.
While the risk of spacecraft charging,
as shown by this analysis, is patently
extremely low, the effects of
prolonged spacecraft exposure to dust
grains must be studied with respect to
dust adhesion in order to assess
long-term spacecraft electrical
vulnerabilities at L4 and L5. With the
Kordylewski clouds likely containing, in
part, similar and/or identical dust to
that which comprises lunar regolith,
the likelihood of the Kordylewski cloud
dust adhering to spacecraft surfaces
is high. As dust coats surfaces such
as payload optics or solar panels,
component performance will become
hindered and the dust charging effects
may create a long-term accumulative
charging hazard.
In future studies, the models
developed in this article will need to
be expanded to account for solar
maximum and minimum variation in
solar plasma and perturbative solar
radiation effects on the dust grain
trajectories. The addition of dust mass

spacecraft and/or to regain a level of
spacecraft mission capability [29].
Figure 9 depicts the general
survivability considerations for
spacecraft, with the Venn diagram
outlining the aspects of susceptibility,
vulnerability, and recoverability.
Overall, the spacecraft charging
analysis reveals that the vulnerability
risk for spacecraft at L4 and L5 is
extremely low.

Figure 8. Grain Impact Characteristics and Induced Electric Current at L 5 (t0 = 0.8 TU).
Table 3. Estimated Dust Impact Characteristics for Spacecraft at L 5
t0

Number of
Impacts

Average Rel. Speed
(Maximum)

Electric Current
(Maximum)

Impact Direction
(Quadrants)

0.0

150

0.07 m/s

9.0 x 10 -8 mA

2

0.2

151

0.055 m/s

9.0 x 10 mA

3

0.4

120

0.085 m/s

5.0 x 10 -8 mA

2

0.6

97

0.07 m/s

5.0 x 10 mA

2, 3

0.8

119

0.08 m/s

5.0 x 10 -8 mA

2, 3

flux into and out of the Earth-Moon
system will also be needed, with
inbound mass originating from both
interplanetary and lunar sources [28].
The absence of this mass flux
component in the simulation
represents one of many limitations to
the present analysis and confines all
current assessments to short-duration
“snapshots” of potential charging
activity with respect to Kordylewski
cloud grain motion at L4 and L5.

SURVIVABILITY
ASSESSMENT
The goal of any space system is to
maintain mission functionality for the
planned mission lifetime, and

-8

-8

spacecraft survivability enables the
attainment of this goal. As mentioned
previously [1], spacecraft survivability
is a function of three time-separated
phases—namely, susceptibility,
vulnerability, and recoverability. For
susceptibility, analysis focuses on the
threat system or mechanism and its
ability to successfully detect, be
employed, intercept, and finally
function as intended vis-à-vis the
target space system. A spacecraft’s
vulnerability relates to its ability to
“survive” the threats’ intended effects.
Recoverability is the ability of a
spacecraft (and the spacecraft
operators), following damage from a
threat system, to take emergency
action to prevent the loss of the
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Figure 9. Survivability Venn Diagram.

For susceptibility, the continued
operation of spacecraft at these
Lagrange points will leave them
susceptible to dust impact and
low-level charging due to the
continuous presence of dust particles
accumulating in these gravitational
wells. Susceptibility to charging can
be reduced by ensuring the proper
shielding of electrical components,
both external and internal to the
spacecraft bus.
Finally, for recoverability, spacecraft
operating at L4 and L5 will be able to
overcome and recover from potential
electric charging without considerable
mission impact due to the assessed
low-level risk of such charging.
Recoverability could be enhanced by
conducting minor re-positioning of
spacecraft relative to the L4 and L5
points if space weather forecasts

jasp-online.org
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indicate greater-than-normal
accumulations of dust and debris and/
or higher-than-normal levels of
inbound solar radiation due to solar
flares or coronal mass ejections.
[Editor’s Note: The analysis presented
herein is part of the Cislunar Education,
Research, and Technology (CERT)
graduate research program at the Air
Force Institute of Technology (AFIT).
Readers are encouraged to contact the
authors for more information on this
program.]
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COVER STORY

FIFTY YEARS OF
B-R-R-R-R-T: A BIRTHDAY
SALUTE TO THE PLANE
TOO TOUGH TO DIE

U.S. Air Force Photo by SSgt. Aaron Allmon

By Eric Edwards

Some say it sounds like a loud zipper. Others have likened it to the guttural belch of a warthog. Still others demonstrate its acoustical effect by making a buzzing “b-r-r-r-r-t” sound
with their lips. But however one chooses to describe the iconic report of the 30-mm gun on
the A-10 Thunderbolt—otherwise known as the Warthog (or “Hawg”)—there’s no debate
about how welcomed this sound has been to U.S. ground troops and others who’ve been
supported by the aircraft in battle. To them, the sound of the A-10 has been, quite literally,
the sound of freedom.
This year marks the 50th anniversary of
the first flight of what many have
called “the most survivable airplane
ever built” [1, 2]. Thus, it’s a good
opportunity to take a moment and
reflect on the history, distinctiveness,
and legacy of an old warbird that has
withstood the test of time, bullets, and
budget cuts and has proven itself
simply too tough to die.

design considerations. Cold War
planners had long theorized that
waves of Soviet tank battalions could
one day come rumbling through
Germany’s Fulda Gap on a path to take
over Europe. Therefore, the United
States and its allies needed its new
attack plane to have a highly lethal,
highly accurate gun that could kill
tanks [1].

A GUN WITH AN
AIRPLANE ATTACHED

And the A-10 certainly could. In fact,
some have described the Warthog—
also called the Tankbuster—as
“basically a gun with an airplane

As hostilities continued to rage in
Vietnam in the mid-1960s, U.S. Air
Force leaders increasingly recognized
the need for a new attack aircraft that
could provide close air support (CAS)
to U.S. and allied ground troops. To
best perform this important mission,
the aircraft ideally needed to possess
exceptional low-speed and lowaltitude maneuverability, short-takeoff
and forward basing capability,
extended loiter time, devastating
firepower, and unprecedented
ruggedness and survivability. Thus, for
the first time ever, designers were
given the task of developing an
airplane specifically for the mission of
supporting ground troops [2].
And on 10 May 1972, the result of their
efforts—the A-10—took to the skies
for the very first time [3]. From the
start, the airplane proved to be special
in numerous ways. During
development, firepower had been
made a top priority in the plane’s

attached.” Measuring 20 ft long and
3 ft wide (at the ammo drum) and
weighing 4,000 lbs fully loaded, the
GAU-8A Avenger Gatling gun (shown
in Figures 1 and 2) is the heaviest
autocannon ever put on an aircraft.
What’s more, the cannon’s seven
hydraulically driven barrels can fire up
to 3,900 30-mm high-explosive (HE)
and armor-piercing incendiary (API)
rounds (with depleted uranium cores)
in a single minute [4].
But a minute is a lot more than the
A-10 usually needs. In fact, just a

Figure 1. A Car-Sized GAU-8A Avenger Gatling Gun in Its Early Days (U.S. Air Force Photo).

Figure 2. The Avenger Mounted on the A-10 (U.S. Air Force Photo by SrA. Joshua Strang).
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few-second burst of the Avenger’s
signature report is often more than
sufficient for the Warthog to impose
its will on tanks, artillery, troops,
buildings, and anything else unlucky
enough to be in its crosshairs.
In addition, as shown in Table 1, the
plane can carry up to 16,000 lbs of
virtually any kind of ordnance/
countermeasure the Air Force
produces. This includes 500-lb Mk-82
and 2,000-lb Mk-84 series low/
high-drag bombs, incendiary cluster
bombs, combined effects munitions,
mine-dispensing munitions, Maverick
and Sidewinder missiles, 2.75-inch
rockets, laser-guided/electro-optically
guided bombs, infrared
countermeasure flares, illumination
flares, electronic countermeasure
chaff, and jammer pods [3].

THE MOST SURVIVABLE
PLANE EVER BUILT
The other top priority in the A-10’s
development was to field an aircraft
that offered unprecedented
survivability. And once again,
designers didn’t disappoint. The plane
incorporates a reported 100 features
that significantly reduce its
vulnerability to current and future
weapons [5]. These features include
[3, 6]:
 A double-redundant hydraulic flight
control system, as well as a back-up
manual reversion control system
(which requires no hydraulics at all)
 Redundant twin engines set external
to the fuselage and away from the
fuel (to reduce the risk of fire
explosion when hit)
 Many other redundant controls and
systems

AS Journal 2022 /SPRING

Table 1. The Warthog at a Glance [1, 3]

Primary
Functions:

Close air support, airborne forward air control, combat search and rescue

Contractor:

Fairchild Republic Co.

Power
Plant:

Two General Electric TF34-GE-100 turbofans

Thrust:

9,065 lbs each engine

Speed:

450 nautical miles per hour (Mach 0.75)

Dimensions:

Wingspan: 57 ft, 6 in; Length: 53 ft, 4 in; Height: 14 ft, 8 in

Weight:

29,000 lbs

Payload:

16,000 lbs

Range:

2,580 miles (2,240 nautical miles)

Armament:




30-mm, 7-barrel GAU-8/A Avenger Gatling gun with a firing rate up to 3,900 rds/minute.
Up to 16,000 lbs of mixed ordnance on 8 under-wing and 3 under-fuselage pylon
stations, including 500-lb Mk-82 and 2,000-lb Mk-84 series low/high-drag bombs,
incendiary cluster bombs, combined effects munitions, mine-dispensing munitions,
AGM-65 Maverick and AIM-9 Sidewinder missiles, 2.75-inch rockets, laser-guided/
electro-optically guided bombs, jammer pods, infrared countermeasure flares, electronic
countermeasure chaff, and illumination flares.

 1,200 lbs of layered titanium armor—
called the “titanium bathtub”—to
protect the pilot and parts of the
flight control system from enemy fire
 The capability to survive direct hits
from AP and HE projectiles up to
23 mm and indirect hits from up to
57-mm-shell fragments
 Twin tails that shield engine exhaust
 A wing design that provides outstanding maneuverability at low airspeeds
and altitudes (and that can stay
attached even if two of its three
spars are broken)
 A high-visibility cockpit to allow pilots
to see surrounding ground troops and
aircraft

jasp-online.org		
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 A bullet-resistant front windscreen
and bubble canopy
 Self-sealing fuel cells protected by
internal and external foam
 A semi-retractable landing gear
(which makes the airframe stronger
by removing the need for full wheel
wells)
 The capability to operate in lowvisibility and night conditions.

In incorporating these and other
survivability features, developers
especially focused on the aircraft’s
ability to continue to fly and be
controllable after receiving damage.
The CAS mission meant that the

Warthog would spend much of its
operational life in harm’s way and thus
would likely be targeted and hit by a
wide range of fire. So, it was critical
that an enemy hit did not mean an
automatic end to the aircraft and its
mission (and maybe its pilot).
And in this area, the A-10 has arguably
been unsurpassed. The aircraft is said
to be able to continue flying on one
engine and even with an elevator, half
the tail, and half a wing missing [7].
As one designer put it, “You can blow
a hole in almost any part of the airplane,
tear off any single control (aileron,
rudder, whatever), and there’s another
one . . . that can keep the airplane
flying and get that pilot home” [2].
Finally, to be truly effective at
providing sustained support and
protection of ground troops, the
Warthog had to be able to be near
those troops as much and as long as
possible. So, the airplane is relatively
simple, easy to maintain and house,
and easy to repair. This allows the
A-10 to be based in, and flown from,
even the most primitive and remote
forward air bases, including unpaved
roads, dirt strips, and grass pastures.
Likewise, its long-range capability
allows it to fly multiple sorties per day,
loiter over a battlefield for more than
an hour/sortie, return to base to refuel
and rearm without ever turning off the
engine, and then get back to the
battlefield and its troops as quickly as
possible [2].

CAN OPENERS vs. SWISS
ARMY KNIVES
Admittedly, despite its considerable
capabilities, the A-10 hasn’t always
been championed by everyone in the
aviation community. Some of this is
understandable, as fighter pilots (and
fighter pilots who later become

U.S. Air Force Photo by SrA. Brett Clashman

The A-10 has withstood the test
of time, bullets, and budget cuts
and has proven itself simply too
tough to die.

battlefield will likely continue to
demand speedier, stealthier, and
multirole aircraft, it’s also true that
A-10 advocates will continue to
highlight the plane’s unique suitability
and effectiveness for its specialized
CAS mission. And “if history tells us
anything,” one expert has said, “it tells
us that can openers are better than
Swiss army knives for opening cans” [8].

generals and budget leaders) typically
prefer fast, new, sleek-looking jets
with lots of fancy gadgetry. And a
slow and bulky old Warthog—
equipped with no radar and a landing
gear that doesn’t fully retract—
doesn’t exactly fit the bill [1]. In
particular, the A-10’s notorious lack of
speed has made it the butt of many
jokes from other jet pilots. One
purports the airplane to be so slow
that its instrument panels have
calendars instead of clocks. Another
claims it to be at constant risk of bird
strikes . . . from behind [1].

Remarkably, it took almost 20 years
from the A-10’s maiden flight until the
aircraft’s capabilities and value could
truly be tested and proven in combat.
Though the plane had provided some
support to U.S. Marines during the
4-day invasion of Grenada in 1983, it
faced no real any enemy resistance.
However, when Operation Desert
Storm rolled around in 1991, the
Warthog showed itself to be as lethal
and tough in combat as advertised.

Nonetheless, when it comes to the
deadly serious task of CAS and similar
missions, many in the industry believe
there’s simply no current equal to the
ugly old Hawg. And while it’s true
that the increasingly high-tech,
high-threat nature of the modern

Leading up to the conflict, there’d
been some question about how
difficult it might be for U.S. forces to
take on Saddam’s battled-hardened
armored divisions, who’d been at war
with Iran for most of the preceding
decade. But the A-10 helped to
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answer that question quickly and
decisively, destroying more than 900
Iraqi tanks, 1,200 pieces of artillery,
and 2,000 other military vehicles
(including several helicopters) in just a
few weeks. In fact, in one day, a
single pair of A-10’s used their 30-mm
cannons and Maverick missiles to
destroy 23 Iraqi tanks all by
themselves. As a result, the Iraqis
started calling the airplane—with its
distinctive t-shaped profile—the
“Cross of Death” (see Figure 3) [3].
Figure 4. Brig. Gen. Bob Efferson (U.S. Air Force Photo).

Desert Storm also helped permanently
solidify the A-10’s reputation for
survivability. In one example from
January 1991, Air Force Col. (and later
Brig. Gen.) Bob Efferson (pictured in
Figure 4) was able to continue flying
and land his heavily shot-up A-10 at a
Saudi air base after a mission in
northwest Iraq. As detailed in
Efferson’s personal account (included
in the Survivability Vignette inset),
inspectors later counted a total of 378
holes in the plane (as well 45 or 50
holes in the unexpended ordnance)
from enemy antiaircraft artillery (see
Figure 5). In addition, though 45 of the
holes were in the right engine and 15
or so were in the left engine, both
engines continued to run throughout

the incident. Most importantly,
despite 17 holes being found just below
the cockpit (and many chinks found all
over and around the titanium bathtub),
Col. Efferson was uninjured [5, 9].
Likewise, a decade later in Operation
Iraqi Freedom, Air Force Capt. (and
later Col.) Kim “Killer Chick” Campbell
(pictured in Figure 6) was flying a CAS
mission over Baghdad when her plane
was riddled with enemy fire,
sustaining severe structural damage
and the loss of all hydraulic controls.
As also detailed in the Survivability
Vignette inset, Campbell quickly
switched to the aircraft’s manual
reversion mode, which allowed her to

Figure 3. The “Cross of Death” Over Afghanistan (U.S. Air Force Photo by SSgt. Kenny Kennemer).
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Figure 5. Col. Efferson’s Damaged A-10 (Photos
Courtesy of Joseph Arrighi) [5].

continue flying her crippled A-10 and
ultimately land the plane using only
“cranks and cables” [10, 11].
The A-10 would also go on to
distinguish itself in battle over
Afghanistan, Bosnia, Kosovo, and
Libya. And in all of these conflicts,
though many shot-up Warthogs
returned to base almost unflyable, only
seven of them have reportedly ever
been shot down or crashed due to
combat [1].

Figure 6. Capt. Campbell and Her Damaged A-10
(U.S. Air Force Photo by SSgt. Jason Haag).

Survivability Vignette 1:
Col. Efferson and His
Life-Saving Titanium
Bathtub in Desert
Storm [5]

“I was about 11,000 feet above the
ground when I heard a big thunk and
a huge jolt. And just then a missile
goes tearing by, and that [scared]
me. I started kicking out flares
thinking I had been hit by a heatseeking missile and that there were
others coming at me. Later, I
realized that fragments from the hit
I took caused one of my AIM-9’s to
cook off; and when it fired, I thought
it was a missile that had just missed
me.
I then looked out at my right wing
and it was just full of holes, with
fluid oozing everywhere, and then a
lot of master caution lights came on
in the cockpit. I saw that the right
hydraulic reservoir warning light and
the right hydraulic pressure light
were on. Also, the pitch SAS
[stabilization augmentation system]
and yaw SAS lights were on, and
some of the windscreen looked like
a car windshield looks after it gets
hit by a big rock. I looked back out
at the right wing again, saw that I
had wings level and was climbing,
then came in and yelled Mayday
over the radio.
I kept the airplane climbing and
headed south, but I must have made
those guys down there real mad at
me because they must have seen
the hit, and here I was still flying. I
got lots of RWR [radar warning

receiver] indications, like they knew
they had a cripple and everybody in
the world was locking onto me. I
thought about trying to jettison the
hung bombs and Mavericks; but
with all the fuel and stuff oozing out
of the wing, I didn’t want to take the
chance of them causing an
explosion. Soon we contacted
AWACS [Airborne Warning and
Control], and they scrambled a
tanker so they could support a SAR
[search and rescue] if I had to jump.
But the old airplane just kept right
on cooking, and even though I lost
the fuel in the right wing tank, I had
enough left in the fuselage tank to
make it back without tankering. I
didn’t move it any more than I had
too; I did a lot of straight and level
flying. As I got close in, I did a
controllability check, isolated some
systems, and was able to get the
gear down with the emergency
system. I had no flaps or speed
brakes, but I came in, touched down
nicely; but the left tire blew because
it had been damaged. I used my
emergency brakes, but at about 150
knots I couldn’t keep it on the
runway. Fortunately, it was good,
hard ground, and the gear held
while it skidded to a stop. I turned
off the inverter and the battery,
unstrapped, raised the canopy,
jumped over the side, and ran.
The blown tire was smoking, but the
fire crews put that out. Then we
started inspecting the airplane.
Later, they counted 378 holes in it.
According to the frag lodged in the
plane, we deduced that all four
shells from a four-round clip of
57-mm hit me. Two exploded and
hit just behind the plane. That got
the tail feathers and the right engine,
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which had 45 holes in it; it wasn’t
developing full power but was still
running when I landed. The third
round exploded underneath the right
wing, which sustained the major
part of the damage and cooked off
the AIM-9. The fourth round
probably exploded right in front, up
by the nose.
If it hadn’t been for the titanium
bathtub, I probably wouldn’t be here.
The right side below the cockpit had
17 major holes in it, and the bathtub
had a lot of chinks in it. Think of
that—17 major holes just below the
cockpit, and I didn’t get a scratch! It
has to be a rugged airplane to
sustain that kind of damage. And 5
days later, they had patched it with
speed tape; changed the right flaps,
aileron, and speed brakes; and flew
it back to [King Fahd Air Base in
Saudi Arabia]. Then, after some
work, they got it in shape; and we
flew it home.”

Survivability Vignette 2:
Capt. Campbell’s Crankand-Cable Landing
During Iraqi Freedom
[10]

“‘We could see the Iraqi troops firing
RPGs [rocket-propelled grenades]
into our guys. It was definitely a
high threat situation, but within
minutes my flight lead was
employing his 30-mm Gatling gun on
the enemy location.’
After her last rocket pass,
[Campbell] was maneuvering off
target when she felt and heard a
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large explosion at the back of the
aircraft.

out of the city. Antiaircraft artillery
fired at the jets from every direction.

‘There was no question in my mind.
I knew I had been hit by enemy fire.’

‘I couldn’t do much to keep the jet
moving, so I was hoping that the
theory of “big sky, little bullet”
would work in my favor. Amazingly,
we made it out of Baghdad and
above the clouds with no further
battle damage.’

The jet rolled violently left and
pointed at Baghdad, and it wasn’t
responding to the captain’s control
inputs. . . . After realizing both of
her hydraulics systems were
impaired, [Campbell] . . . had to put
the jet into manual reversion, . . . a
system of cranks and cables that
allow the pilot to fly the aircraft
under mechanical control.
‘It was my last chance to try and
recover the aircraft, or I would be
riding a parachute down into central
Baghdad.’
Luckily, the jet responded and
started climbing out and away from
Baghdad. . . . [Campbell and her
flight lead] maneuvered south to get

[Campbell’s] flight lead flew closely
beside her and performed an initial
battle damage check. He told her
she had hundreds of small holes in
the fuselage and tail section on the
right side as well as a football-sized
hole on the right horizontal stabilizer.
She then ran several emergency
checklists and knew she had a
decision to make.
‘I could stay with the jet and try to
land it or get to friendly territory and
eject.’

With several positive factors on her
side at that moment, such as the jet
responding well and an experienced
flight lead on her wing providing
support, she was confident she
could get the jet back safely to her
deployed home at base in
Southwest Asia, nearly an hour
away by flight.
As she approached the base, the
crash recovery team was waiting for
her, along with the rescue
helicopters in case she had to eject.
Fortunately, she was able to safely
land the jet and stop it, using the
emergency procedure for alternate
breaking.
‘. . . I am incredibly thankful to those
who designed and built the A-10 as
well as the maintainers who did
their part to make sure that jet could
fly under any circumstances, even
after extensive battle damage.’”

UP IN THE AIR
To be honest, the future life and
mission of the venerable A-10
Warthog remain somewhat unclear.
Many military leaders have argued
that the half-century-old airplane is
simply too outdated and costly to
maintain. Moreover, they say, the
budget for the aircraft would be better
used on more advanced, multirole
combat jets—such as the F-35
Lightning—that can (reportedly) not
only cover the CAS and similar
missions but also take on the latest
generation of combat jets being
produced by peer and near-peer
adversaries, such as Russia and China.
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U.S. Air Force Photo by TSgt. Cecilio Ricardo Jr.

That said, recent and ongoing U.S.
conflicts with ISIS and other “lowertech” threats throughout the world
continue to highlight the important
role that the A-10 may continue to play
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for some current and future missions
[12]. Accordingly, numerous
technological and tactical upgrades
are currently being conducted and/or
planned for the Warthog to keep its

Recent and ongoing U.S.
conflicts with ISIS and other
“lower-tech” threats throughout
the world continue to highlight
the important role that the A-10
may continue to play for some
current and future missions.
U.S. Air Force Photo by Staff Sgt. Ryan Callaghan

tusks sharp and effective for as long
as possible. These include [12, 1]:
 New wings and center sections
(which may add another 25 years to
the A-10’s life)
 A new cockpit layout and composition
 Communications improvements to
help pilots better collaborate with
downed pilots, ground personnel, etc.
 Other radio and audio upgrades
 Improved pilot sighting and display
hardware and integration
 Multiple target list and weapon
employment enhancements
 GPS and mapping improvements
 New long-range, precision weapons
and tactics.

Exactly how long these and other
enhancements will keep the A-10 in
the skies remains to be seen. One
estimate is that seven or so
squadrons—including active, reserve,
and National Guard units—will be
operational until at least 2040; but
these numbers and dates could of
course change with ever-changing
budgetary needs and world events [3].
But one thing that won’t change is the
A-10’s enduring legacy, especially with
those who’ve witnessed it in action.

In short, for 50 years the old warbird
has continued to do just what it was
designed to do: provide a vicious bite
to any threats to U.S. combat personnel
throughout the world, tenaciously
protect and support those who’ve
joined it in battle, and—though
sometimes bloodied and battered—
simply refuse to ever say die.
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Q&A:
THE JAS SPACE ON DODTECHIPEDIA
By the JASPO Staff

WHAT TYPE(S) OF
INFORMATION DOES THE
JAS SPACE CONTAIN?

WHAT IS THE JAS SPACE
ON DODTECHIPEDIA?
Established in 2008, DoDTechipedia is a
secure online collaboration tool provided
by the Defense Technical Information
Center (DTIC) to support communication
and data-sharing among Department of
Defense (DoD) teams responsible for
collecting, safeguarding, analyzing, and
disseminating Defense-related scientific
and technical information. With this
tool, users can create and edit web
pages with an open-editing system
known as a wiki. Furthermore, the Joint
Aircraft Survivability Program (JASP)
now has its own space in
DoDTechipedia to share specialized
content and news and facilitate
information exchange within the aircraft
survivability community. The space also
serves as a valuable resource to let the
broader aerospace community know
about current aircraft survivability
research, development, test, and
evaluation (RDT&E), modeling and
simulation (M&S) tools, training,
meetings, and other activities.

AS Journal 2022 /SPRING

The JAS space, which has been growing
over the past year, is intended to serve
as a source of updated information for
the community. Its content ranges from
management-level descriptions of
JASP’s structure and history to projectlevel details on many different
technologies. Furthermore, planned
updates to the tool include additional
meeting and project content, as well as
the addition of sections to provide
feedback on reports, answer surveys,
submit queries, etc.
Examples of content currently in the
JAS space include:
 Lists of approximately 500 deliverables for JASP-funded projects since
2003 (with report DTIC accession
numbers as available).
 Downloadable versions of JASP and
Joint Live Fire (JLF) bibliographies,
including report citations and
abstracts.
 Templates for JASP calls for proposals, statements of work, funding
requests, and JAS Program Review
(JPR) presentations.
 An aircraft survivability calendar with
JASP and community-related events,
including conferences, symposiums,
and working groups.
 A directory of aircraft survivability
specialists.
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 Updates on JASP-sponsored M&S
efforts (e.g., the BlueMax and SLATE
tools’ sections currently showcase
detailed entries contributed by model
managers).
 Useful links to other websites of
interest to the JASP community.

HOW IS THE JAS SPACE
DIFFERENT FROM DTIC
AND OTHER LIBRARIES
AND DATABASES?
The JAS space provides flexible user
permissions at a page level, automatic
page and file versioning features, and
real-time editing. The tool also
facilitates coordination across the
community by consolidating, in a
centralized location, the latest information on what’s been done, what’s being

The JAS space on
DoDTechipedia facilitates
coordination across the community by consolidating, in a
centralized location, the latest
information on what’s been
done, what’s being planned, and
who’s conducting projects in the
field of aircraft survivability.

planned, and who’s conducting projects
in the field of aircraft survivability.

WHO CAN/SHOULD USE
THE JAS SPACE?
While the focus of the content in the
JAS space is for the aircraft survivability
community, the space is also a useful
resource for anyone interested in
maximizing the survivability and
effectiveness of our aircraft.

HOW CAN THE
COMMUNITY BEST
LEVERAGE THE JAS
SPACE?
Often and interactively! Content and
information for the JAS space are
sourced through personnel using the
wiki. Model managers and JASP project
engineers are encouraged to add or
update details regarding their tools and
technologies as early and often as

possible to keep the resource as current
and relevant as possible. Other
potential contributors can also contact
the Joint Aircraft Survivability Program
Office (JASPO) to discuss content they
would like to see, add, or modify.

WHAT ARE THE
REQUIREMENTS FOR USE?
Access to the JAS space is limited to
Federal Government employees and
contractors with a DTIC account and
access. In addition, some content pages
are further limited by the traditional
distribution statements (e.g., DoD only,
DoD and DoD contractors, etc.).

the Secret Protocol Router Network
(SIPRNet) DoDTechpedia for future
population.

WHERE SHOULD
QUESTIONS ABOUT THE
JAS SPACE BE DIRECTED?
DTIC’s DoDTechipedia Team page
contains general training and contact
information at https://www.dodtechipedia.mil/dodwiki/display/DAT/
Welcome+to+DoDTechipedia. In
addition, questions or feedback
regarding specific JASP space content
can be directed to JASPO’s Darnell
Marbury at t.d.marbury.ctr@us.navy.mil.

WHERE CAN THE JAS
SPACE BE FOUND?
The JAS space is located at https://
www.dodtechipedia.mil/dodwiki/
display/JAS/JASP+Home. Note that
a JASP space has also been created on

U.S. Marine Corps Photo by Sgt. Servante Coba
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CALENDAR OF EVENTS
ATTENTION:
Due to the many last-minute event
postponements, cancellations, and
travel restrictions related to the
COVID-19 outbreak, readers are
encouraged to double-check with
event sponsors and websites to confirm
the status of an event before making
associated travel reservations and
other plans.

MARCH
2022 IEEE Aerospace Conference
5–12 March in Big Sky, MT
https://www.aeroconf.org/
JASP Model Users Meeting
22–24 March in Atlanta, GA
https:// www.dsiac.org/events/

APRIL
2022 AIAA DEFENSE Forum
19–21 April in Laurel, MD
https://www.aiaa.org/defense

22nd Annual Science & Engineering
Technology Conference
26–28 April in Miami, FL
https://www.ndia.org/
events/2022/4/26/22nd-annual-set-conference

2022 Special Operations Forces Industry
Conference
16–19 May in Tampa, FL
https://www.sofic.org/

JUNE

MAY

Cyber/Electronic Warfare Convergence
2022
7–9 June in Charleston, SC
https://www.crows.org/events/EventDetails.
aspx?id=1391925&group=

JCAT TWE
3–5 May at Eglin AFB, FL
https://www.dsiac.org/events
Cyber Electromagnetic Activity 2022
3–5 May at Belcamp, MD
https://www.crows.org/events/EventDetails.
aspx?id=1543198&group=
NTSA Simulation & Training Forum 2022
4 May in Fairborn, OH
https://www.ntsa.org/events/2022/5/4/stcf-2022
13th International MODSIM World
Conference
9–11 May in Norfolk, VA
http://modsimworld.org/

2022 AIAA Aviation and Aeronautics
Forum and Exposition
27 June–1 July in Chicago, IL (and Online)
https://www.aiaa.org/aviation/

AUGUST
2022 AAS/AIAA Astrodynamics
Specialist Conference
7–10 August in Charlotte, NC
http://www.space-flight.org/docs/2022_
summer/2022_summer.html

Vertical Flight Society’s FORUM 78
10–12 May in Fort Worth, TX
https://vtol.org/annual-forum/forum-78
65th Annual Fuze Conference
10–12 May in Renton, WA
https://www.ndia.org/events/2022/5/10/
fuze-2022

Note
The inclusion of an event in this calendar does not necessarily reflect the endorsement of that event or its sponsoring organization(s) by the Joint Aircraft Survivability
Program Office or the Defense Systems Information Analysis Center.
Information for inclusion in the
Calendar of Events may be sent to:

DSIAC Headquarters
4695 Millennium Drive
Belcamp, MD 21017-1505

Phone:		
Fax: 		
Email:		

443/360-4600
410/272-6763
contact@dsiac.org

To update your mailing address, fax a copy of this page with changes to 410/272-6763 or scan and email it to contact@dsiac.org.

