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ABSTRACT

Inflatable/deployable structures are under consideration as habitats for future Lunar surface
science operations. The use of non-traditional structural materials combined with the need
to maintain a safe working environment for extended periods in a harsh environment has
led to the consideration of an integrated structural health management system for future
habitats, to ensure their integrity. This article describes recent efforts to develop prototype
sensing technologies and new self-healing materials that address the unique requirements
of habitats comprised mainly of soft goods. A new approach to detecting impact damage is
discussed, using addressable flexible capacitive sensing elements and thin film electronics
in a matrixed array. Also, the use of passive wireless sensor tags for distributed sensing is
discussed, wherein the need for on-board power through batteries or hardwired
interconnects is eliminated. Finally, the development of a novel, microencapuslated self-

healing elastomer with applications for inflatable/deployable habitats is reviewed.
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1. Introduction and motivation for work

Recent efforts have focused on the development of
new technologies for returning humans to the Lunar
surface [1]. Whereas previous missions involved two crew
members conducting surface operations over a limited
time frame (1-3 days), future exploration plans call for
the emplacement of larger crews of scientists on the
Moon for one month or longer. Achieving extended
operations and maintaining a sustained presence on the
Moon will require structures for housing the crew much
larger than the Apollo-era Lunar Module.

Previous design trade studies conducted by the National
Aeronautics and Space Administration (NASA), by academia
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and by industry have indicated that placing a habitat on the
Lunar surface that is large enough to support both the
physical and psychological needs of a crew will be
challenging to achieve using pre-integrated, rigid modules,
the approach used for constructing the International Space
Station (ISS) [2,3]. Longer term Lunar exploration plans
focus on the construction of Lunar habitats using materials
processed from the Lunar regolith, but would be imple-
mented much farther in the future due the logistics
challenges of processing in situ resources.

A middle course between these two extreme habitat
configurations is based on the use of inflatable structures
(Fig. 1), which would be deployed on the Lunar surface
[4-20]. Inflatable/deployable structures employ structural
members comprised of soft goods such as fabrics,
foams and elastomeric polymers, in place of traditional
engineering materials such as metal alloys and rigid
composites. The structure is initially stowed in a folded
configuration, allowing the payload to be accommodated
to a variety of launch vehicle shrouds and thus offering
more flexible launch manifests. Once in place, the
structures are deployed through pressurization and
mechanical actuation, with rigidity maintained either
through continual repressurization of the structure or
through various rigidization mechanisms such as ultra-
violet (UV) or thermal curing of polymer materials.
Although there are many different specific variations in
inflatable technology, all inflatable structures share these
broad design features.

Inflatable/deployable structures are thus attractive as
surface habitats for four key reasons:

e High volume-to-mass ratio: The livable habitat volume
that can be delivered to the Lunar surface per unit
mass of payload can be maximized. It has been
determined that 120 m3 per crew member will likely
be needed for longer-duration stays, which is difficult
to achieve for larger crews using rigid, pre-integrated
modules [10].

e High packaging efficiency: Inflatable/deployable struc-
tures provide for a more flexible launch manifest,

whereby the structure can be designed more efficiently
around the launch vehicle.

e Minimal need for on-site construction materials: With
these unique habitats, virtually all of the assembly
mechanism is inherent to the structure, although
Lunar regolith may be used in the long term to provide
radiation shielding, micrometeoroid protection, and to
dampen thermal variations [3].

o Fewer secondary radiation effects: Use of soft goods
reduces the destructive effects of secondary ionizing
particles, commonly seen with metallic structural
materials.

Although other factors such as lower cost are cited as
favorable attributes, these four specific characteristics
are unique to inflatable/deployable structures (versus
pre-integrated modules or fully in-situ derived habitats).

Consideration of inflatable/deployable habitats, parti-
cularly for the Lunar surface, reaches back to the early
1960s as the first United States human Lunar exploration
program progressed [4]. The next significant develop-
ments in this area involved a series of concept studies in
support of the United States Space Exploration Initiative
in 1989 [2], and again in the mid-1990s initially in the
form of the Expandable Lunar Lander concept [6]. This led
to the Transit Habitation projects [6] at NASA’s Johnson
Space Center in 2000 [8,9]. The technology developed by
this project has since been licensed by Bigelow Aerospace
for implementation as a part of a commercial enterprise,
ultimately aimed at the space tourism market [5].
Throughout these forty years of development, the tech-
nology has progressed from conceptual designs to hard-
ware of increasing maturity, culminating in the launch
into low Earth Orbit of the first space-based inflatable
habitat (built by Bigelow Aerospace), the Genesis module,
in July 2006.

As for all human-rated space vehicles, the need to
maintain the safety of the crew is paramount. One
approach to addressing this need involves the implemen-
tation of an integrated structural health management
system (SHMS), to detect and alert the crew to unforeseen

Fig. 1. Conceptual views of cylindrical and toroidal inflatable habitats on the Lunar surface.
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damage and adverse structural conditions. Given the
unique design and nature of the materials used in
inflatable/deployable structures, it is anticipated these
habitats will have unique health monitoring needs that
call for new monitoring techniques. Driven by this need,
NASA recently initiated development efforts for structural
health management technologies specifically aimed at
meeting the unique requirements of inflatable habitats.

Under the auspices of NASA and the National Science
Foundation, a terrestrial inflatable habitat was monitored
at the McMurdo Complex in Antarctica. This prototype
structure was manually deployed in the field by a team of
technicians, and served as a testbed for the characteriza-
tion of discrete point sensors attached to the structure.
Future Lunar habitats will be launched in advance of
the arrival of humans, however, and will need to be
packed in a highly efficient container, deployed remotely
with no human intervention and monitored for proper
deployment. Highly capable habitats of this class are
anticipated to feature integrated sensors in a distributed
network architecture. Long term NASA goals include
developing technologies for sensing and monitoring, as
well as for adapting the structure autonomously in
response to sensor input, to mitigate adverse conditions
when possible.

Section 2 of this article discusses general needs for
health monitoring in inflatable/deployable structures
based on the results of a preliminary needs analysis with
input provided by various habitat stakeholders. Section 3
then discusses general approaches to a health manage-
ment system, in the context of the unique requirements
imposed by inflatable/deployable habitats. Section 4
then reviews initial results from recent efforts aimed
to develop suitable sensing and health monitoring
technologies.

As indicated, there is also a desire to embed adaptive
capabilities into the structure, to respond autonomously
to information provided by integrated sensing technolo-
gies. Numerous adaptive capabilities may be integrated
within such a structure that would increase crew safety
and reduce the amount of maintenance time. Some of
the capabilities under consideration include coatings
which can vary their emissivity signatures to control
temperature and actuators based on piezoelectric materi-
als, shape memory alloys or magnetostrictive materials
for modifying and maintaining the proper shape of the
habitat, following deployment. However, the key concern
for managing the habitat structural health regards
mitigating impact damage. Therefore, the development
of self-healing materials designed specifically for habitat
structures is discussed in Section 5.

2. Specific habitat structural health management needs

There is little flight heritage to date to provide
feedback on the long term performance of space-borne
inflatable habitat structures. The highest fidelity NASA
hardware to date is represented by the Transit Habitat, or
TransHab architecture depicted in Fig. 2.

Redundant Bladders

|

MMOD Shielding

Restraint Layer

Fig. 2. Cross-sectional schematic view of the Transit Habitat (TransHab)
inflatable structure, highlighting the micrometeoroid and orbital debris
shielding, restraint layer and redundant bladders.

Although the final Lunar habitats have yet to be
designed, most current inflatable habitat designs are
based on this heritage technology and will share many
common features. Thus, the architecture of the TransHab
provides a representative structure and conceptual frame-
work to contemplate technologies that would be needed
for structural health management [6-10]. As seen in Fig. 2,
it is a hybrid structure featuring a rigid inner core and
inflatable outer shell. This outer shell is comprised
of multiple layers, each providing key functions.
This includes multiple redundant bladder layers for
containing the breathable volume of atmosphere, a woven
Kevlar load-bearing restraint layer and a multi-shock
micrometeoroid and orbital debris (MMOD) shield
comprised of alternating layers of Kevlar and polyur-
ethane foam. Depending on the specific mission, other
functional layers may be incorporated into the structure,
including blanketing for thermal control and atomic
oxygen protection. Several journal articles and conference
proceedings provide design details regarding specific
materials used [6-10].

Given that no design or specific plan for a Lunar habitat
currently exists, it is difficult to derive detailed requirements
for a health management system. Therefore, the focus of
efforts described here was to identify common themes,
trends, or elements that have shaped the thinking
of inflatable/deployable habitat design to date, and to
use this knowledge as a basis for developing high-level
goals and targets that could provide a framework for
the development of appropriate structural health man-
agement technologies. This information was derived
through a detailed review of the published literature as
well as discussions with habitat structural engineers and
architects, materials scientists, astronauts and flight
operations personnel.

Monitoring of impact damage upon the structure, to
alert the crew as to their location and severity, is
considered a top priority. This includes impacts by
hypervelocity particles (such as micrometeoroids) as well
as slow moving impacts by humans or vehicles operating
inside or outside the periphery of the habitat. The health
monitoring system should provide for identification of the
event time, location of the impact, depth of penetration



886 E.J. Brandon et al. / Acta Astronautica 68 (2011) 883-903

and the extent of the resulting damage. The crew should
be immediately notified if urgent action is required. This
need applies equally to orbiting habitats and surface
habitats. This information allows accurate assessment of
mission impact and habitat lifetime, prioritization of any
maintenance or repair, and ensures that the crew is
appropriately equipped for any required extravehicular
activity (EVA) for repairs. Recent monitoring of the Lunar
surface indicates regular impacts by sporadic and shower
meteoroids [21]. It was estimated that 2-3 sporadic
meteor impacts occur per hour, with masses of 1kg
(large enough to be observed from Earth). These recent
data represent only the readily observable impacts, and
there are presumably many more smaller particles than
this that regularly reach the Lunar surface and may pose a
threat to a habitat. Related to the need for measuring
impacts is leak detection, which may or may not be
caused by impacts but could aid in the localization of
damage causing impacts. As indicated earlier, a long term
goal is to couple an impact damage detection system with
a self-healing capability.

Another health monitoring need is the assessment of
structural strain around various interfaces, particularly
where soft and hard materials meet. Most proposed
habitat designs include both flexible and rigid compo-
nents. Flexible components include bladder membranes
and woven restraint layers. Rigid components include
metallic bulkheads, air locks and windows. The interface
between these soft and hard materials and the abrupt
transition in structural properties are difficult to model,
and empirical measurements from embedded sensors, on
either side of the interface, will be important to validating
specific designs. Some habitat designs feature windows,
and monitoring the integrity of window seals is consid-
ered critical.

Finally, there are other structural health monitoring
needs that are not considered vital to ensuring crew safety
during long duration missions, but that may provide
added benefits to ensure overall mission success. For
example, it is envisioned that habitats will be launched to
the surface and deployed prior to the arrival of humans.
Thus, monitoring deployment dynamics to ensure proper
inflation and determining the ultimate dimensions and
shape of the habitat are also considered possible features
for incorporation into an SHMS. This will enable ground
crews to determine whether or not the habitat is in a
suitable configuration prior to sending humans to occupy
the structure. Data from an embedded network of sensors
may be effectively combined with visual imagery from
on-board video cameras to convey this type of informa-
tion. Again, adaptive capabilities based on integrated
actuators may eventually play a role, allowing the
structural shape or configuration to be modified as
needed, if problems occur during the deployment process.

3. Challenges and approaches to embedding health
management technologies

The previous section provided an overview of the key
high level structural health management needs for

inflatable/deployable habitat structures. Selecting appro-
priate technologies and architectures to meet these needs
is made difficult when considering traditional structural
health monitoring solutions such as bonded strain gages
and fiber optic sensors. This is due to the fact that
most aerospace and aeronautics structural health mon-
itoring technologies are geared toward rigid structures
where integration and mounting of sensors is not
a significant issue, and wires and cabling for data
communications and power distribution are easier to
implement alongside related wiring for the myriad
existing avionics subsystems.

Implementing such approaches in an inflatable or
deployable habitat requires any wires or fiber optics to
be pre-positioned before packing (and maintaining integ-
rity when folded and during deployment), or else be
installed after deployment. The latter makes the deploy-
ment sequence more complex and labor-intensive. It also
means sensor data is unavailable until these wires are
installed, precluding these sensors from monitoring the
deployment process (a key potential benefit of using an
SHMS). Providing power to, and obtaining data from, the
large numbers of point sensors in distributed locations
that will be required to provide adequate health data is
also a design challenge.

One means to circumvent these problems is to use
distributed networks of ultra-low-power or even
no-power point sensors (such as strain gages and acoustic
leak detectors) in conjunction with wireless communica-
tions to alleviate or even eliminate the cabling problems.
The complexity associated with cabling on recent space
vehicles and structures (as measured in harness drawings,
cable and connector installations and launch weight
penalties) continues to increase with time. These issues
will be multiplied in an inflatable habitat, where stowage
and deployment issues must also be considered. Wireless
solutions limit the number of connectors and penetrations
required, thus offering design flexibility and a means to
reduce the complexity of integrating an SHMS.

For example, wireless devices have recently been
installed for wing lead edge impact monitoring on the
Space Shuttle as a retrofit option, eliminating time
consuming requirements for cable installation and draw-
ing modifications. Similarly, a network of wireless
temperature sensors was recently installed prior to launch
on an ISS module within just two months after the
need for additional instrumentation was identified.
Similar advantages can be envisioned for Lunar habitat
applications. In order to minimize the complexity of
integrating new sensors late in the design cycle of a Lunar
habitat, sufficient infrastructure such as wireless inter-
faces to standard data busses will need to be designed into
the habitat.

For distributed sensor systems, tradeoffs regarding
power distribution, generation and storage must also be
considered. Traditional wired electrical power distribu-
tion can become a significant portion of a vehicle or
habitat total mass, due to the large conductor sizes,
connectors, cable clamps, power-conversion electronics
and fault-detection circuitry. When highly distributed
sensing by low-power nodes is employed, alternative
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power concepts must then be considered. For example, by
distributing low-voltage power to each node, the need for
power-conversion electronics at each node can be
eliminated. By employing local energy storage (either
battery or capacitor based) at a remote node, the
instantaneous current requirements for particular power
supplies can be limited, thereby reducing the size of the
cabling and fault-detection circuitry.

Power scavenging concepts may also be considered for
low-power devices, although these concepts are difficult
to implement for highly embedded sensors which are
shielded from light (for photovoltaic harvesting) and
dampened from vibrations by soft materials (for kinetic
energy harvesting). Concepts for power generation by
means of thermal differentials may provide limited means
for very low power harvesting within habitat structures.
A more straightforward approach, however, is to use
remote power distribution through radio-frequency (RF)
sources. Although the total system efficiency is generally
rather low, this type of system can either utilize
temporary energy (e.g., through batteries) or simply
operate when sufficient instantaneous power has been
harvested and is available.

There are issues, however, in mounting these type of
electronics in an inflatable/deployable structure such that
they remain in place during and after deployment, and do
not interfere with the deployment process in any way. The
structure itself can also be impacted by the inclusion of
the sensors, through stress concentration at the point of
attachment or through the adhesives or related joining
technologies which may alter the materials properties of
the underlying substrate. One solution to help circumvent
these issues is to use a multifunctional materials approach
in which inherently flexible sensors and electronics are
integrated or embedded between layers, along with the
necessary flexible electronics for data acquisition and
processing [22-34].

Implementing data and power interconnects for
flexible electronics will require unique architectures such
as addressable matrix arrays that reduce the amount of
wiring needed by sharing of common buses by multiple
sensor patches. Consideration of a flexible electronics
approach is made possible by developments over the last
twenty years in the design and processing of amorphous
and thin film semiconductor materials and devices. These
technologies include methods for manufacturing electro-
nics directly onto large area flexible substrates for
displays, sensing and even limited data processing.

As a measure of progress in this area, industrial efforts
in the field of flexible electronics are now rapidly
accelerating and moving away from demonstration and
prototyping of small scale hardware to issues of larger
area manufacturing and long term reliability of devices
[24-26]. Flexible electronics are now under consideration
for a wide range of applications where large area coverage
and mechanical flexibility are key design drivers. This
includes applications ranging from medical imaging
to space-borne radar [24]. These same approaches are
under consideration by NASA for integration with
inflatable habitats for structural health sensing. Recently,
the first radiation testing of flexible organic transistors

was completed, to evaluate the suitability of these
materials and devices for space applications [32]. The
key challenge in implementing such an approach is that
sensors and associated electronics must be compatible
with the underlying substrate and survive the fabrication
processes, stowing, launch, deployment and operations.

Thus, to implement a structural health management
system, questions of how best to embed sensors that can
undergo stowage and deployment, particularly in the
context of wiring for power and data acquisition, must be
answered. Solutions for health monitoring in inflatable/
deployable habitats will likely feature a combination of
wireless point sensors and embedded flexible sensors.
Flexible sensing technologies are well suited for “blanket
coverage” approaches that are needed for situations such
as impact damage detection or monitoring of strain over
large areas. Wireless point sensors, however, may be more
useful for applications where complete area coverage is
not required, such as impact/strike detection (via accel-
erometers) or leak detection (using ultrasonic and
acoustic transducers).

4. Integrated sensing

The needs analysis outlined in Section 2 identified the
ability to detect in real time impacts upon the habitat
(particularly those leading to penetration and damage of
the structure) as a critical capability for any structural
health monitoring system implemented in inflatable/
deployable structures. The requirements for an impact
detection system are to spatially locate damage and
rapidly determine the size and depth of the penetration
in real time, so the crew can determine the proper course
of action. One approach to meet this requirement is to
implement a “blanket” sensor array, in which critical
surfaces are covered with sensors capable of detecting
impacts. Numerous previous technologies have been used
for detecting impacts on spacecraft, none of which are
suitable for inflatable habitats [35-37]. To facilitate
integration with the structure and minimize interference
with the deployment process, the sensor technology must
be minimally invasive, and preferably thin and flexible. As
part of the sensor development program reported herein,
two different approaches to flexible, blanket detection
were evaluated. One approach is based on embedded
flexible inductors, for integration with multi-layer ther-
mal blanketing (discussed in Ref. [38]). The other sensing
technology was designed for incorporation into a variety
of inflatable/deployable habitat structural materials and is
based on embedded capacitors (discussed in the following
section).

4.1. Flexible impact detection using capacitive sensor arrays

4.1.1. Theory of operation

The capacitive impact damage sensor system is based
on an array of individual capacitors, fabricated using
polyimide-based flexible circuit technology. During op-
eration, an applied voltage across each of these sensors is
continually monitored. Any changes due to impact
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damage are manifested as changes in capacitance, due to
the change in area of the dielectric layer.

The capacitive sensors are arrayed in an addressable
matrix monitored in real time, to provide spatial and
temporal information regarding impacts. When the
capacitor is damaged by a penetration, the effective
capacitance of the sensor is modified, and this change
can be monitored to convey damage information. Each
unit cell of the array utilizes a shielded capacitor
geometry, comprised of a metal/dielectric/metal/dielec-
tric/metal multi-layer (constructed from copper metal-
lized 75 pm thick polyimide substrate) in which the
ground planes are shorted. The use of a shielded structure
with ground planes provides a degree of immunity from
external electric fields. These sensors are depicted
schematically in Figs. 3 and 4.

| Bottom Cu layer

Bottom
polyimide layer

Top polyimide layer

Top Cu layer

Fig. 3. Exploded schematic view of capacitive sensor array, depicting the
top and bottom Cu electrodes/shields and the inner dielectric and
electrode patches.

To monitor the array, a voltage is applied to each
capacitor. The change in voltage (AV) during charging is
dictated by the charging current, the thickness of the
dielectric, the dielectric constant and the area of the plates:

icd At

V= 28r80A (1 )

where i. is the charging current, d the dielectric layer
thickness, At the charging time, ¢, the relative dielectric
permittivity, ¢ the vacuum permittivity and A the
capacitor area. If a capacitor is punctured, the effective
area (A) will be modified, thus changing the final voltage
reached after a fixed charging time. This change in voltage
(or alternatively change in charging time) can be detected
using appropriate readout electronics. By determining
which specific capacitor in the array is affected, the
location of the damage can be determined within the
resolution of the size and spacing of the individual
capacitive sensors. By determining the magnitude of
change in capacitance (which is related to the change in
area induced by the damage) it may be possible to develop
an algorithm to correlate the magnitude of change in
capacitance with the degree of damage.
With the capacitor charging current given below as

iir=C— (2)

where dV/dt is the change in voltage with time, it is
apparent that if the charging current is held constant, the
voltage change is linear with time. Therefore, the
approach for detecting damage in the proof-of-concept
array was to apply a current and measure the resulting
voltage at the end of time t to yield the change in
capacitance C before and after simulated damage.

4.1.2. Hypervelocity impact testing of prototype capacitive
sensing elements

To determine the feasibility of using flexible capacitors
as a damage detection sensing element, the first step was

. —Upper and lower
polyimide layers

Contact pads

Copper metallization
patches

Top Cu Ground Layer

{_upper polyimide __|
k—__ lower polyimide |

L lp/ N\ g s

Bottom Cu Ground Layer

Fig. 4. Detailed schematic view of capacitive sensor array. The dimensions of the full sensor array are approximately 15 x 15 cm.
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to determine typical damage patterns on prototype
sensing elements that may be encountered upon impact
by a representative hypervelocity particle, and to corre-
late these damage pattern with measured changes in
capacitance. A series of hypervelocity impact tests were
thus conducted at the NASA White Sand Test Facility in
White Sands, New Mexico.

Aluminum plates were used to secure the multiple
non-metallic layers in the correct configuration, with
threaded rods used to properly space the multiple plates,
as shown in Fig. 5.

The test article featured multiple layers of habitat
materials in a configuration representative of a multi-
layer habitat wall, including fiberglass-7781 (five layers),
Kevlar 710 (five layers), capacitive sensors (three layers)
and a 0.508 mm thick 6061-T6 aluminum witness plate
(WP). An example target layout depicting the cross-
sectional lay-up of these stacks is illustrated in Fig. 6.

The capacitance of each sensor was measured prior to
impact testing. In each stack were three capacitive
sensors, one placed near the outer surface, one near the
middle and one near the rear of the stack. This arrange-
ment allowed for assessing the damage to each sensor as a
function of depth. Either a 1.0 or 2.8 mm aluminum
sphere was used as the impacting particle at a velocity

Fig. 5. Capacitive impact sensor test article, including the aluminum
frame (15.2cm x 15.2cm) used to fix the representative habitat
materials and sensors in place during testing.

1
|

Fig. 6. Example target layout, featuring a multi-layer of fiberglass and
Kevlar, interspersed with capacitive sensing elements.

2 WP

3
Fiberglass-7781 —
Capacitive SENSOr
Kevlar-710
Al 6061-T6

of approximately 7 km/s. Damage was then assessed
visually, and change in capacitance measured using a
standard LCR meter.

Representative visual images and electrical sensor data
are depicted in Figs. 7 and 8, with further data given in
Table 1. As seen in Fig. 7, a 1.0 mm particle fired at 6.9 km/
s creates a well defined, nearly round puncture in the top
sensor approximately 4.1 mm in diameter, but the middle
and back two sensors are not breached. The change in
capacitance is enumerated in Table 1, with the 3.5%
decrease in capacitance indicating the damage in the top
layer. In this case, a fully configured system using this
sensor technology integrated in an actual habitat struc-
ture would have quickly confirmed damage to the outer
layer, indicating no breach of the inner layers.

This damage profile as a function of depth is contrasted
with that observed for a second set of tests depicted in
Fig. 8, indicating damage from a 2.8 mm particle fired at
7.27 km/s. In this case, the depth profile indicates a well
defined puncture in the top layer (approximately 6 mm in
diameter), a larger puncture (22-25mm in diameter)
accompanied by tearing of the middle layer, with an
impact crater in the back sensor with no accompanying
penetration. Measured capacitance data is given in Table 1.
The top sensor registered as a short, thus signaling
damage with no means to assess the magnitude of the
damage. The middle sensor registered a 10% decrease in
capacitance, whereas the back layer registered an increase
of 6% (due to compression of the dielectric material and
an effective decrease in dielectric thickness).

In an actual array integrated within a habitat structure,
the multi-layers would have indicated a breach of the two
outer layers, with some compromise of the back layer due
to the more energetic particle. In a multi-layer structure
such as an inflatable habitat where different complex
multi-layers play a variety of roles from thermal blanket-
ing to containing the breathable atmosphere, this type of
quick insight into the extent of damage between layers
can provide invaluable data to a crew making rapid
decisions as to whether to seal a leaking habitat module
and enter a safer one or if there is no immediate danger to
the crew, complete repairs at a later time.

4.2. Sensor readout and integrated flexible electronics

4.2.1. Prototype sensor array using discrete electronics

The blanket distributed sensor approach will ulti-
mately be enabled using an addressable array architec-
ture, whereby sensor elements are isolated and
individually read, analogous to large area display technol-
ogy. In place of picture elements or “pixels,” however, the
addressable elements are sensors. By employing shared
data acquisition lines, the need to individually provide
each sensor with its own power and data connections is
eliminated, thereby reducing the amount of interconnect
wiring required.

Following the initial evaluation of individual sensor
elements in a hypervelocity environment and correlation
of damage patterns with capacitance changes, efforts
focused on developing appropriate means for eventually
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Fig. 7. Capacitive sensors impacted with a 1.0 mm projectile at 6.9 km/s. From top to bottom is the top layer (front and back views), middle layer (front

view) and back layer (front view).

reading fully integrated arrays. A first generation readout
system was developed using discrete electronic parts,
interfaced to a 2 x 2 prototype sensor array (Fig. 9).

A block diagram of the data acquisition electronics is
depicted in Fig. 10. A FLASH programmable PIC16F84
microcontroller running at 8 MHz and programmed in C
serves as the array controller. The controller energizes a row
at 5V and triggers a current source charging of that row for
2 ps. A single NMOS transistor is connected via its gate to
each capacitor as it charges, with the source of the transistor
connected to the sense line. The transistor at each unit cell
acts as a buffer to isolate the patch from the rest of the array.
The DC voltage is then read across a resistor attached to
each capacitor patch, using an analog-to-digital (A/D)
converter. The A/D interface and row/column scanning are
controlled by the microcontroller, which continuously scans

the array and outputs the capacitor charge on the serial port
as a ‘SYNC' word followed by four raw data values. Voltage
changes are read via a serial link by a microcomputer using
a MATLAB program.

To test the readout capabilities of the sensors and
circuitry, damage to the array was simulated by drilling 1
and 2 mm holes into two different capacitor sensors
(depicted in Fig. 9). Operation of the electronics was
confirmed by monitoring the change in the charging
voltage when a 1 mm hole is introduced (by 0.8%) and a
2 mm hole (by 1.6%). No change in charging voltage was
observed for the remaining undamaged sensors.

4.2.2. Flexible electronics for array sensing
The next step in the development of habitat impact
sensing is to integrate the transistor patch switches with
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Fig. 8. Impact damage on capacitive sensors located at the top, middle and back layers of the stack (front and back views in each case) following impact

from a 2.8 mm particle at 7.27 km/s.

Table 1
Capacitive sensor impact data.

Projectile size (mm) Velocity (km/s)

Percent change in capacitance vs. baseline value (approximate hole diameter in parentheses)

Top sensor Middle sensor Back sensor
1.0 6.9 —3.5% (4.1 mm) 0 0
2.8 7.27 Shorted (6 mm) —10% (22-25 mm) +6%

the sensor array, within the same substrate. The ability to
incorporate flexible thin film transistor technology (TFT)
directly integrated with the substrate obviates the need to
attach discrete transistor switches and opens the possi-
bility to manufacture all of the sensors and electronics
directly onto the structural materials using large area,
roll-to-roll processing. This may include TFTs for use as
switches, as well as alternative thin film materials that
expands the range of sensor types beyond patterned
copper/polyimide capacitors. Furthermore, the use of a
robust flexible TFT technology to incorporate large arrays
of blanket sensors facilitates deployment and stowage of

the structure (versus discrete electronics that are attached
to the surface).

As discussed in Section 3, the concept of using large
distributed arrays of sensors has gained currency in recent
years as the technology focus has shifted from the
production of small scale test coupons to the development
of larger scale manufacturing capabilities [24-26]. This
shift has been driven by the development of new
materials, deposition methods and lithographic equip-
ment by display manufacturers, and supported by the
development of public/private consortia such as The
Center for Advanced Microelectronics Manufacturing at
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Binghamton University and the Flexible Display Center at
Arizona Status University. Many of these efforts have
focused on the fabrication of electronics and sensors on
arbitrarily sized flexible substrates, the same types of
substrates that will be used to fabricate the impact array
Sensors.

The goal of the current effort was to investigate the
migration of discrete, attached electronics outlined in the
previous section to thin film integrated devices. The
longer term goal is to develop a fully integrated system,
featuring TFTs to isolate and readout capacitive arrays,
along with thin film strain sensors and temperature
sensors. In line with related industrial and academic
efforts, the current work in developing flexible compo-

Fig. 9. 2 x 2 array of capacitive sensors, mounted for integration with
breadboard data acquisition electronics. A 1 mm hole is drilled into the
upper left sensor element and a 2 mm hole in the lower left sensor
element, to simulate impact damage.

nents and devices is driven by a range of industrial
interests from large area medical imaging to developing
electronic “skin” that could be incorporated into robotic
appendages [22-34]. As a technology demonstration, a
prototype flexible arrayed matrix was fabricated using
thin film strain sensors as the sensor node combined with
flexible thin film transistors switches for selection of
individual sensors on the same substrate. The thin proces-
sing technologies and readout approaches have been
developed at Penn State University, and focus on the use
of integrated strain gages which are of particular interest
for health monitoring in inflatable/deployable habitats. As
indicated in Section 2, there is a need to monitor the
interfaces between hard and soft materials. Strain gages
for monitoring rigid materials are well known, however
significant challenges exist in interfacing traditional strain
gages to thin, low modulus structural materials (typical of
those found in habitats) and accurately transmitting
strains to the strain gage (as in a foil based strain gage
mounted using an epoxy). By directly depositing a strain
gage on the underlying substrate under test, strain of the
underlying structure is accurately coupled to the gage. If
addressable arrays can be successfully integrated (similar
to capacitive impact sensors), strain can be mapped out
over large areas of the substrate. This approach could be
used to detect issues or changes with, for example, the
bladder layers, where the long term structural integrity is
critical. Distributed strain gages could also be used to
monitor the overall state of the structure before, during
and after deployment.

A typical example of a single addressable array patch is
shown in Fig. 11. The sensor features four microcrystalline
silicon resistors arranged as a Wheatstone bridge. The
width of each resistor is 18 um and the length is
approximately 200 pm.
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Fig. 10. Schematic of 2 x 2 capacitive sensor array readout electronics.
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Fig. 11. Individual strain sensor layout schematic (shown with TFTs and
bus connections).

A similar process used to fabricate the amorphous
hydrogenated silicon (a-Si:H) TFTs (used for device
selection and isolation in the sensor array) and the strain
sensors on Kapton® polyimide substrates has been
previously reported [31]. To facilitate handling the flexible
substrate for the sensor fabrication processing, the
Kapton® polyimide substrate is laminated to a glass
carrier with a removable silicone gel adhesive layer to
maintain substrate flatness and provide improved thermal
control during processing. The TFTs employ a-Si:H active
material and a silicon nitride gate dielectric. The strain
sensors are comprised of a n+ microcrystalline silicon
(pnC-Si) thin film layer, which is deposited using the same
method. The fabrication techniques used are compatible
with polyimide materials, with the a-Si:H, pC-Si and
silicon nitride films deposited in a three-chamber plasma-
enhanced chemical vapor deposition system at 250 °C.
Devices and sensors are patterned using photolithography
combined with hydrofluoric acid wet chemical etching,
chlorine-based plasma etching or CFB, reactive ion
etching [31]. After sample fabrication, the polyimide film
is easily removed from the glass carrier for strain sensor
testing. An actual device is shown in Fig. 12.

For testing, a current source is used to provide the
input bias, and the output bridge signals are measured as
voltages. Flexible cables are connected to the strain sensor
using anisotropic conductive film bonding. A printed
circuit board fan-out board provides interconnection of
the flexible cable to multiple sensors fabricated on the
same substrate. Three contacts are used to apply bias
voltages (VBg, VBs and VBg), and two other contacts are
used to measure output. Testing was accomplished using
a combination of off-the-shelf data acquisition boards
(from National Instruments) and custom circuit boards
fabricated and assembled in house (Fig. 13). A National
Instrument (NI) analog output board controlled the gate
lines in addition to providing power to the sensors.
An NI A/D converter read the outputs of the sensors and
logged them into a personal computer (PC). NI software
(LabView) was used to control the entire system from the PC.

Custom-made connectors were developed to interface
with the purchased hardware. Additional signal condi-

Fig. 12. Optical micrograph of fabricated sensor element on polyimide.

AD
NI 6229 Strain sensor
DAQ array under test
D/A
PC-based Gate Bridge
LabVIEW Voltage Drive power
i signals
control amplifier supply
board

Fig. 13. Block diagram of test equipment.

tioning hardware was developed, to improve operation
with the NI boards. A computer interrogation method was
also developed, using a National Instruments 6229 data
acquisition board and a Supertex HV257 high-voltage
driver board, which supplies the required 25 V to the gate
and across the source and drain. A single analog signal
from the NI DAQ ranging from 0 to 5V is used as input.
Sensor outputs are connected to two fan-out boards,
which are connected to the analog inputs of the NI data
acquisition electronics. Fig. 14 shows the differential
output of two of the sensors in a 2 x 2 array. The group
of lines at 0V is the output signals of other unbiased
sensors in other small arrays. When the sensor is strained,
a shift in the differential voltage amplitude is observed.
Straining the sample causes the voltages to shift (Fig. 14
right). The sample is strained in a concave diagonal
direction, i.e., two corners of the sample are bent towards
each other. A glass cylinder was used to provide a consistent
bending radius for the orientation-dependent strain mea-
surements (Fig. 15). The group of lines at 0V is the output
signals of other unbiased sensors in other small arrays on the
same substrate. When the sensor is strained, the differential
voltage lines of biased sensors shift as expected. Sensors in
rows of the 2 x 2 arrays are in different orientations. The
sensor perpendicular to the strain direction moves only
~20 mV. The sensor with bias current at an angle to the
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Fig. 14. Two sensors in the strain sensor array show a flat differential voltage amplitude (left). Straining the sample causes the voltages to shift (right).

Fig. 15. The sample is strained around a glass beaker to maintain a
constant radius of curvature.

strain direction moves ~ 120 mV, illustrating the orientation
dependence of the sensors as a differential output of two of
the sensors in a 2 x 2 array. Ultimately, these data can be
combined to develop a strain model for large area applica-
tions. This approach could be used to confirm habitat
deployment, provide an alert if anomalous strain levels
develop, provide information regarding dynamic loading, as
well to monitor long term changes in the structure. Future
efforts will focus on manufacturing arrays with larger
numbers of unit cells on larger substrates, and integrating
these switching electronics with the capacitive impact
sensors (described in the previous sections) on the same
substrate.

4.3. Passive wireless sensor tags

4.3.1. Theory of operation
In addition to damage detection and strain sensing,
there is a need to integrate a range of other health

monitoring capabilities within inflatable/deployable struc-
tures. These include strike/impact detection acceler-
ometers and ultrasonic/acoustic leak detectors for
supplementing impact damage detection sensors. Other
types of sensors may also provide important information
about the state of the structure, including temperature
sensors for characterizing thermal gradients, sensors for
monitoring total radiation doses to the structure and even
humidity/moisture sensors for monitoring buildup of
moisture between habitat layers. In the case of blanket
sensors of the type discussed in Section 4.1, access for
power and data can be provided through the matrixed
interconnects. In the case of widely distributed multiple
point sensors where blanket coverage is not needed,
however, achieving power distribution and data collection
is challenging due to the complexity of integrating cabling
and harnesses and implementing related feedthroughs and
penetrations between the multi-layers (which must not
interfere with the stowage and deployment processes).

One possible means to circumvent these limitations is
to employ passive wireless sensor tags [39-43]. Unlike
powered tags (that use their own DC electrical power,
such as from batteries, power supplies, solar cells, etc.),
passive tags rely solely on the radio-frequency (RF) energy
transmitted from an interrogation device. Therefore, both
interrogation and power for these passive devices is
provided wirelessly, decoupling the sensors from the
power bus and obviating the need for energy storage
technologies, such as batteries. This offers a distinct
advantage for integration of distributed sensors with an
inflatable/deployable habitat.

To enable this type of passive remote sensing of
physical properties requires transmission and sensing of
an RF signal by means of an appropriate interrogation
device. This device transmits an RF signal and receives a
modified response from a sensor tag (analogous to radar).
The response from the tag is modified in a manner
proportional to the physical property being measured by
the tag, such as temperature, acceleration, or light level.
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To implement arrays of this type of sensor within
inflatable/deployable habitats, it is essential to differenti-
ate one particular tag of interest from other tags within
range of the interrogator. For this effort, the tags were
designed to respond to different narrow-frequency bands,
with the interrogator selecting the tag of interest by
changing the interrogation frequency. The narrow-fre-
quency selectivity is accomplished at the tag by means of
a surface acoustic wave (SAW) filter. SAW filters provide
narrow frequency separation and conversion of variable
impedance information into RF signal modulation.
Sensors that vary impedance with respect to some
physical parameter can thereby be measured remotely
by measuring the proportional modulation in the RF
return signal from the SAW filter.

The main elements of the passive remote sensing
system, therefore, are a (1) small radio transmitter
sending out a short burst of RF waves, (2) SAW-based
tag both receiving and modifying a portion of that signal
and (3) receiver to pick up the transmitted and modified
pulse (Fig. 16). If the receiver and transmitter are in
separate locations, the arrangement is bi-static.

At the heart of the sensor tag is the SAW filter (Fig. 17),
which is a bandpass, frequency selective device that
operates by converting electrical energy into acoustic
energy in order to perform signal processing operations
on the signal. The SAW filters discussed in this section are
all three-port devices, meaning they possess three
electrical-to-acoustic transducers, with one input and
two output ports. The SAW filter is ultimately an acoustic
device that delays the reflected signal from its output
port, with the delayed signal containing the sensor
measurement information.

An antenna is connected to the input port of the sensor
tag SAW filter, and an impedance varying sensor is tied to
the output port. The RF pulse is first received by the tag
antenna and is converted into an acoustic wave by the
input transducer of the SAW filter. The sensor tag varies
its acoustically delayed radar cross section in proportion
to the variable impedance load connected to the SAW
output port. Variations in sensor impedance are caused by
variations in the physical property to be measured.
This, in turn, induces variations in the SAW filter’s
acoustic impedance. The variations in the filter’s acoustic

interrogation pulse

antenna

/\/’

impedance lead to variations in reflectance for a received
RF wave. The reflectance of the acoustic wave is in
proportion to the impedance of the sensor tied to that
port. These variations are acoustically delayed and re-
transmitted from the antenna at the input port of the SAW
filter. The acoustic wave, therefore, travels across the SAW
device and is reflected off of the output transducer of the
SAW. The reflected acoustic wave travels back across the
SAW, where it is ultimately re-transmitted by the antenna
connected to the input port of the SAW.

The variations in the sensor impedance can then be
detected as delayed amplitude variations in a received RF
signal. In this manner, the sensor impedance can be
measured back at the receiver. The SAW sensor must
respond with sufficient efficiency to be detected by the
receiver, since the RF return signal is weak. The proper
application of a narrowband SAW filter, however, enables
clear reception and measurement of the sensor impe-
dance despite the relatively weak signal. Since it is
acoustically delayed from the original RF excitation signal,
the return signal can be read after all radar reflections
induced within the vicinity of the transmitter have
dissipated.

4.3.2. Testing of passive wireless sensor tags

To demonstrate the viability of implementing a passive
wireless sensor tag concept within an inflatable/deploy-
able habitat, a testbed for characterizing the response of
various tags and sensors was established. The test arrange-
ment for characterizing the sensor tag configuration is
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Fig. 17. Schematic representation of SAW devices.
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Fig. 16. Passive wireless sensor tag configuration.
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Fig. 18. Interrogator receiver (left), interrogator transmitter (center) and sensor tag (right).

shown in Fig. 18, depicting the three main elements
of the test setup; the transmitter, the tag and the receiver.
The receiver (Fig. 18 left) consists of an antenna tuned
to the frequency band of interest, which, in turn, is
connected to a SAW filter that is then connected through
an amplifier to an oscilloscope. A more sophisticated
receiver could include a gating device to block all return
signals except for the acoustically delayed signal. This
particular receiver did not include such a gating device.
The transmitter (Fig. 18 center) consists of an RF burst
generator pulsed repetitively by a low-frequency oscilla-
tor. The transmitter center frequency is at the exact center
frequency of the SAW filter in the tag. The RF burst
generator is connected directly to an antenna without an
additional amplifier. The tag (Fig. 18 right) consists of an
antenna coupled directly to a narrowband SAW filter. The
SAW filter (Fig. 19) actually consists of two SAW filters
operating in parallel. Both SAW filters have their input
ports tied directly to the antenna, and their output ports
tied to resistive loads. The first SAW filter serves as
a reference arm of the sensor. It is attached to a fixed
50-Q resistance. The second SAW filter is tied to the
impedance-changing sensor. The sensor can be an accel-
erometer, a light sensor, a thermistor, or any other
impedance-varying device.

The testbed shown in Fig. 18 is sufficiently general to
enable the testing of a wide variety of different sensors.
Any sensor that varies its impedance in some relation to
the physical quantity to be measured can be used as a
wireless SAW sensor. The entire SAW sensor configuration
is not actively powered, and can therefore be permanently
configured without batteries or a power source, which is
ideal for inflatable/deployable structures.

A total of five different classes of sensors were
characterized using the wireless SAW sensor testbed,
including a mechanical switch, a temperature transducer,
accelerometer and two light sensors (a photoconductor
and a phototransistor). The raw signals received from a
switch in the closed and open positions are shown in
Fig. 20 top left and top right, respectively. The magnitude
of the reference signal is not dependent on the position of
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Fig. 19. SAW filter used for wireless remote sensing. Note the layout of
the interdigitated transducers (IDT).

the switch. The delayed, re-transmitted measurement
signal varies strongly with switch position, as can be seen
by comparing the two photos. Many extraneous factors
can cause both the reference and the measurement
signals to vary in tandem, but only the switch position
causes the relative difference in the two signals to change.
The results of measuring the accelerometer remotely
are also shown in Fig. 20. The accelerometer used was an
Endevco 2221F piezoelectric device. Fig. 20 (middle left)
shows the accelerometer with no excitation. The delayed
response has a peak magnitude of about 80 mV, corre-
sponding to an open circuit condition. Fig. 20 (middle
right) shows the accelerometer response as the acceler-
ometer is receiving a shock. The configuration provides
signal integration, so that the charge from the shock
acceleration is stored and made available for approxi-
mately 1s. This time constant can be varied from a
maximum of about 1 s to as fast as the time constant of
the shock or the accelerometer, whichever is slower.
Finally, the results of remotely measuring a photo-
detector are shown in Fig. 20. The photodetector used
here was a cadmium sulfide (CdS) device with an
impedance that varies between 400 Q under dim light
and 35 Q when placed directly under a 60-W incandes-
cent bulb. The results are similar to those described for
the previous sensors. Under dim light, the tag delayed
response was approximately 40 mV peak-to-peak. Under
bright light, the tag delayed response increased to
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Fig. 20. Sensor tag measurements from three different sensors, switch response in closed position (top left) and open position (top right); accelerometer
with no excitation (middle left) and receiving a shock (middle right); photodetector in dim light (bottom left) and bright light (bottom right).

approximately 60 mV. An increased signal response can
be obtained using a photodetector with lower impedance.

This ability to detect impedance variations and their
consequent variations in delayed responses in the received
signals using three different sensor types clearly demon-
strates the flexibility of this approach, and opens the door
to integrate a wide variety of sensors within habitats
which require no hardwired power or data acquisition
connection. The key is to identify appropriate sensors
for integration with the SAW based tag. The use of
these multiple sensor types indicates the potential for

widespread use in habitats. Further efforts will build on
these initial results, focusing on issues of signal attenuation
when incorporated into representative habitat materials.

5. Self-healing flexible laminates for bladders
5.1. Background

The ultimate goal in inflatable/deployable habitat
design is to develop semi-autonomous structures which
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have the capability to adapt to changing circumstances.
One step in this evolution toward autonomy is the
incorporation of a “self-healing” functionality. It is
envisioned that integrated sensing technologies could
be used effectively in conjunction with self-healing
materials, indicating when damage occurs, monitoring
the self-healing process as it proceeds and ultimately
notifying the crew if the damage is such that human
intervention is required.

The consideration of such a capability for inflatable/
deployable habitats and structures is enabled by recent
development in self-healing polymers. Self-healing
polymers are inspired by living systems, in which minor
damage (e.g., a bump or bruise) triggers an autonomic
healing response [44]. In biological systems, chemical
signals released at the site of fracture initiate a systemic
response that transports healing agents to the site of
injury and promotes healing. Recent research efforts at
the University of Illinois [44,47-51] have led to the
successful engineering of a self-healing epoxy that mimics
many of the features of a biological system. Fig. 21
illustrates this concept, wherein healing is accomplished
by incorporating a microencapsulated healing agent
and a polymerization initiator within a polymer matrix.
Damage in the form of a crack or tear serves as the
triggering mechanism for self-healing, similar to the
fracture event in biological systems. The approaching
crack ruptures the embedded microcapsules, releasing
healing agent into the crack plane through capillary
action. Polymerization of the healing agent is triggered
by contact with the initiator, bonding the crack faces.
As with biological systems, this triggering mechanism
provides site-specific control of healing.

The self-healing concept depicted in Fig. 21 is
not practical for mitigating large-scale micrometeoroid
damage of habitats, but it may be able to provide efficient
repair of smaller scale bladder damage, or even internal
matrix cracking or delamination in rigidizable structural
elements. A self-healing bladder material is one of the
most appealing candidates, as this layer must contain the
breathable volume of air in which the crew will live and
work. In addition to safety issues, recent experience in the
ISS has demonstrated that detecting small leaks in large
structures is a time consuming process. The ability for the
bladder to “self-seal” small leaks could minimize crew
time spent locating and repairing leaks.

Bladder materials [6] for an inflatable space habitat
must meet several requirements, including sufficient
flexibility in a space environment, low oxygen perme-
ability, puncture and tear resistance and minimal off-
gassing. Laminate materials are most frequently
considered for space-based bladder applications. Polyur-
ethane laminations with Kevlar, polyester [45], Saran and
Tedlar are materials currently being considered for use as
habitat structural materials. Silicone-coated Vectran has
been proposed as a bladder material due to its suitable
properties at low temperatures behavior and material
simplicity. Laminates with commercial food packing films
such as ethylene vinyl alcohol and Combitherm [46] have
also been proposed as bladder materials. Two other
commercial materials that are currently used as bladders
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Fig. 21. Microencapuslated self-healing elastomer concept.
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for space-borne structures include Cepac HD200 [5], a
nylon/PE/Valeron/PE/foil/coex laminate and ArmorFlex, a
thermoplastic urethane laminated to a nylon basecloth.
These laminated bladder materials range from 5 to 15 mil
(25.4 pm/mil) in thickness. The TransHab design specifies
a redundant bladder system in which three individual
bladders are separated by Kevlar felts (bleeder cloths) to
provide additional puncture resistance. A single-bladder
design makes stowage and deployment easier, but is
riskier due to the lack of redundancy.

The bladder materials listed above all share one
defining characteristic in that they are flexible. Most
recent work to date in the area of self-healing materials,
however, has been in the context of thermosetting
polymers such as epoxies which are generally not highly
pliable. Thus, the development of new approaches and
new materials are required to include self-healing
functionality in a flexible, foldable bladder structure. To
address the need for a flexible self-healing material, a new
self-healing elastomer was developed as part of this SHMS
development project. The elastomer is capable of regain-
ing significant amounts of its virgin tear strength [47].
This microcapsule-based material is also tougher than the
neat, unfilled material based on tear energies derived
from trouser-tear results.

5.2. Self-healing poly(dimethylsiloxane) system

A self-healing elastomer consists of a poly(dimethylsi-
loxane) (PDMS) elastomer matrix with embedded micro-
capsules. These microcapsules contain, in separate
capsules, a vinyl-terminated poly(dimethylsiloxane) resin
and a methylhydrosiloxane copolymer. These two materi-
als react via a platinum catalyzed hydrosilylation reaction,
outlined in Fig. 22. The Pt catalyst complexes are in
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Fig. 22. Hydrosilylation reaction of (a) vinyl-terminated poly(dimethyl-
siloxane) to a (b) methylhydrosiloxane copolymer backbone forming (c),
a crosslinked polysiloxane elastomer via the action of a platinum
catalyst.

solution with the vinyl-terminated resin and encapsu-
lated in the same capsule as the resin material.

PDMS was chosen as the first test material because of
its high strain to failure (~200%), room temperature cure,
and the wide variety of adhesion promoting coupling
agents. A commercial two-part PDMS system, Sylgard 184
(Dow Corning, USA), functioned as the matrix and
provided the resin and initiator materials for the healing
chemistry. Resin and initiator were encapsulated in a
urea-formaldehyde polymer shell using the procedure
outlined previously by Brown et al. [53]. The initiator was
encapsulated as received, but the resin was thinned by the
addition of 20-wt% heptane solvent.

The two microcapsules were incorporated into the
premixed matrix material by mechanical mixing. A
pre-curing period of at least 4 h was employed before
capsule introduction, to minimize floating of the buoyant
initiator capsules. The self-healing material was then
poured into an open metal mold and allowed to cure for
48 h at room temperature. Samples were then removed
from the mold and prepared for testing.

5.3. Healing efficiency for elastomers

As part of the current effort, a new test protocol was
developed to quantify healing performance for these
elastomeric materials based on the recovery of tear
strength. Self-healing elastomer samples were tested
using the trouser-tear test developed and analyzed by
Greensmith and Thomas [54]. Samples were rectangular
and nominally between 1.5 and 2 mm thick. A represen-
tative tear sample is shown in Fig. 23 (a). The center cut
forming the legs of the tear specimen was introduced by
hand with a razor blade. Samples were tested within a few
minutes after the initial center cut was made. The samples
were gripped at the end of each of the legs formed by the
center cut and loaded in tension to failure with a
crosshead speed of 250 mm/min. The tear strength, T°,
was calculated by averaging the tear force within the
tearing region of the load-displacement plot and then
using the relationship:

2Fave

Tave —
r

3)
where F*V% is the averaged tearing force and t is the
sample thickness, to determine the tear strength of the
specimen.

After the initial tear, the samples were stored between
two glass microscope slides to ensure that the tear
surfaces came back into contact with each other. After

a

Fig. 23. (a) Tear specimen prior to virgin testing and (b) failed tear
specimen.
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Fig. 24. Representative load-displacement traces for a virgin and healed
tear test.

healing, the samples were removed from the slides, the
tear was reopened to the original starting point, and the
samples were tested again. Healing efficiency # is defined
in the equation below as the recovery of tear strength T,

avg

n= Thealed . (4)

avg
virgin

5.4. Self-healing results

Representative load-displacement plots for a virgin
and healed tear test of a fully in-situ specimen are shown
in Fig. 24. All PDMS tear specimens exhibited stick-slip
tearing behavior regardless of capsule concentration, as
expected for filled elastomers [55].
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To assess the effectiveness of the healing mechanism,
the fully in-situ system was compared to a series of
control tests. Fig. 25 is a comparison of the healing
performance of the three control specimens and the fully
in-situ material system. All of the values reported in
Fig. 25 are averages of at least six specimens. The neat
specimens were PDMS tear specimens containing no
healing components. These specimens were tested to
determine the contribution of surface cohesion to any
healing response. Neat specimens recovered just a few
percent of their original tear strength and generally fell
apart while preparing each specimen for testing. The
second control contained only resin-filled microcapsules.
These specimens failed to effectively heal, attaining
healing efficiencies of only a few percent. Specimens
containing 5 wt% initiator copolymer containing micro-
capsules, however, exhibited a significant recovery of
original tear strength, approaching healing efficiencies of
40%. The healing in these specimens is attributed to the
interaction of the initiating copolymer with excess vinyl
functionality in the surrounding matrix. Further polymer-
ization leads to a modest recovery of original tear
strength. Fully in-situ specimens contained 5 wt% resin
and 5 wt¥% initiator microcapsules.

These specimens recovered nearly 95% of the virgin
tear strength and in some cases exceeded the virgin tear
strength. Healing efficiencies greater than 100% were
achieved when the tear deviated from the original tear
line into virgin material. This failure could occur in one of
two ways: a complete deviation, in which the tear
proceeded in a new line through the remainder of the
sample, or a partial deviation, such that the tear deviated
into new material but then returned to the original line. A
tear line characterized by the second case could leave and
return to the healed tear line multiple times. The scanning
electron microscope image in Fig. 26 shows a tear
deviation highlighted on the top surface of the tear
specimen, viewed parallel with the tear plane. The 1st
virgin test is labeled and highlights the adhesive bond line

140
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Healing Efficiency (%)

20 +

Neat 5 wt% Resin 5 wt% Initiator In-situ

Sample Types

Fig. 25. Healing efficiencies of controls and the fully in-situ (5 wt% resin
and initiator) specimens.

Healed 1* Tear

Fig. 26. Scanning electron microscope image of healed tear specimen
viewed parallel to the tear plane (2nd tear labeled in image). The healed
1st tear is highlighted. The scale bar is equivalent to 200 pm.

generated from released capsule contents. The 2nd tear
propagated independent of the virgin line, following a
new path through the specimen. Even though the new
tear passes close to healed tear, the tear does not turn into
and run along the bond line.

5.5. Approaches to developing a self-healing bladder
material

Bladder damage due to failure of the MMOD shield or
caused by a puncture from the inside of the habitat is
highly undesirable. Damage induced by handling and
deployment or from daily activity within the habitat is
also a concern and a candidate for self-healing. One
significant challenge for creating a successful self-healing
bladder is the incorporation of microcapsules containing
healing agent and catalyst into a thin, laminated elasto-
meric film. Continued development of healing chemistries
that can seal tears, cracks and punctures in a thin, flexible
polymer and careful evaluation of the potential failure
modes in these materials is required to identify limita-
tions on the types of damage that can be healed. Any self-
healing material must also meet specific operational
demands in order to optimally function as a bladder
material: it must remain flexible in a space environment,
have low oxygen permeability, resist puncture and tearing
damage and have minimal offgassing.

There are two options for incorporating self-healing
functionality into bladder materials. One option is to
manufacture a bladder material that contains a directly
incorporated self-healing system. The second option is to
apply a self-healing layer to an existing bladder material.
The first option is a fully integrated self-healing bladder
material that contains, as part of the material structure, an
integrated self-healing functionality. Conceptually, the
bladder material becomes a film version of the original
self-healing system developed by White et al. [44], where
capsules or some other mechanism are incorporated into
the material at the manufacturing level. Since most of the
candidate systems are laminated film structures, the self-
healing functionality could be incorporated throughout
the entire laminated structure, or just in a few layers.
Although this provides the most integrated approach, it
also introduces a number of manufacturing challenges.
Microcapsules must be reduced in diameter to physically
fit into the thin layers that make up many bladder
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materials. Any self-healing components must also be
robust enough to survive the manufacturing process,
which may include high temperatures and pressures.
These are significant challenges, but recent progress in
both reducing healing component dimensions [56] and
improving high temperature stability has been made [57].
The second option is to apply a self-healing coating on one
side of the bladder. This approach avoids many of the
manufacturing issues associated with the integrated
approach described above. Application of a separate film
layer, however, requires careful selection of bladder and
coating materials to ensure good adhesion.

5.6. Prototype self-healing bladder membrane

Using the applied-healing-layer approach for the
construction of a self-healing bladder, a prototype
material has been developed using the self-healing PDMS
sandwiched between two barrier layers. This material,
shown in Fig. 27, has demonstrated the capability of
sealing small puncture and cut damage under static
conditions.

A static pressure test was conducted, wherein the material
was damaged either by a puncture or a small cut. Following a
healing period of 24 h, the healed membrane was then
subjected to a pressure test using a custom built test cell.
Healing was characterized by one of three behaviors. If the
membrane held 15 psi without leakage, the membrane was
considered “fully healed.” If the membrane held pressure
without leakage, but ruptured and began leaking before
15 psi was reached, it was considered “partially healed.” If a
membrane leaked immediately upon application of any
pressure it was considered “not healed.” Healing response
of the self-healing membranes for a variety of puncture
diameters is shown in Fig. 28 (each bar represents the healing
probability for six samples).

For small puncture damage (~0.5mm) healing
exceeds 50%. Small punctures are the primary mode of
damage that a self-healing/sealing bladder material is
envisioned to address. As such, even the first stage
prototype, shown in Fig. 27, has achieved considerable
success. Further possible refinements to the prototype
material include an optimization of capsule size and
distribution, an analysis of the effect of healing layer
thickness on healing performance and an investigation of
healing chemistry and kinetics.

It is important to note that self-healing to date has only
been demonstrated under ambient, terrestrial conditions.
The space environment introduces numerous unique
environmental conditions, including reduced pressure,
low temperature and radiation. Determining how the

Barrier Layer
Self-Healing Layer

Barrier Layer

Fig. 27. Edge of prototype self-healing bladder. Scale bar is equal to
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Fig. 28. Healing performance of prototype flexible laminate.

space environment influences the mechanics and chem-
istry of self-healing is of paramount importance. The main
hazards of the space environment for polymers include
high vacuum, ionizing radiation and extreme tempera-
tures [52]. In low earth orbit, additional factors are
operative including solar UV radiation and atomic oxygen
[52]. Key issues for the successful accomplishment of self-
healing in space structures are to assess, understand and
solve environmental stability issues associated with: (1)
outgassing from high vacuum conditions, (2) radiation
effects on self-healing polymers and (3) maintaining self-
healing functionality at cryogenic temperatures.

6. Conclusion

Inflatable/deployable structures are currently under
development for commercial space efforts, and will likely
play a role in future NASA human exploration efforts to
the Moon and beyond. To ensure the safety of humans in
future NASA missions involving these types of structures,
efforts have focused on the integration of sensor technol-
ogies capable of monitoring the health of the structure.
Toward this end, technologies meeting the unique
requirements of inflatable habitats are currently under
development, including both flexible and passive wireless
sensors. As a next step in the evolution of habitat
capabilities, self-healing materials are also being devel-
oped, to increase the autonomy of these structures. The
development and testing of prototype sensing and self-
healing technologies specifically designed for these
structures have been reported herein. The ultimate goal
is to combine both sensing and self-healing capabilities
within the same structure, to work synergistically to
provide a safer human space habitat.
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