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ABSTRACT

Structural Health Management (SHM) will be of @di importance to provide the safety, reliability
and affordability necessary for the future longaliom space missions described in America’s
Vision for Space Exploration. Long duration missdo the Moon, Mars and beyond cannot be
accomplished with the current paradigm of periodrgund-based structural integrity inspections.
As evidenced by the Columbia tragedy, this appresetso inadequate for the current Shuttle fleet,
thus leading to its initial implementation of onasd SHM sensing for impact detection as part of
the return to flight effort. However, future spasgstems, to include both vehicles as well as
structures such as habitation modules, will reqaimeintegrated array of onboard in-situ sensing
systems. In addition, advanced data systems actimiés will be necessary to communicate, store
and process massive amounts of SHM data from largaebers of diverse sensors. Further,
improved structural analysis and design algorithiisbe necessary to incorporate SHM sensing
into the design and construction of aerospace tsires, as well as to fully utilize these sensing
systems to provide both diagnosis and prognosistmfctural integrity. Ultimately, structural
integrity information will feed into an Integrat&tehicle Health Management (IVHM) system that
will provide real-time knowledge of structural, prdsion, thermal protection and other critical
systems for optimal vehicle management and missoontrol. This paper will provide an overview
of NASA research and development in the area of SidMvell as to highlight areas of technology
improvement necessary to meet these future missguirements.

1. INTRODUCTION

NASA has long recognized the importance of Stradthiealth Management (SHM) and numerous
NASA programs have focused on the development gpication of SHM technologies. The
Space Shuttle has successfully flight-tested a mubadvanced SHM sensbr€urrently, as a
result of the Columbia accident, on-board impacteddon and location sensors are being
implemented for the Shuttle wing leading edge amethd investigated for other applications
including the nosecone and additional wing locaid®imilar impact and leak detection sensors are
being investigated for the International Spacei@tabecause of the threat of micrometeoroid and
orbital debris. Advanced fiber-optic and acoustaission sensors were developed for application
to the cryotanks on the X-33 prototype reusabladawehicle (RLV3. Additional development of
SHM sensor technologies and supporting data syssoistectures occurred under more recent
RLV development programs such as the Space Laumnthtive and the Next Generation Launch
Technology Prograff. SHM has also been the emphasis of a number of ANA&ronautics
programs as well, including the Aviation Safety ahd Aerospace Vehicle Systems Technology
Programs.

SHM, as part of an overall IVHM, is expected to dfeincreasing importance to NASA as we
address the requirements of the new National VisnSpace Exploration The long duration
missions of the planned Crew Exploration Vehicl&YQ to return to the moon and eventually to



Mars will require unprecedented structural intggeanhd reliability. Likewise, the infrastructure of
extraterrestrial habitats and other structures siscpropellant processing and storage facilitidls wi
require continuous structural sensing and managenée following will provide an overview of
NASA research and development in the area of SHMvel$ as highlight areas of technology
improvement necessary to meet these future missguirements.

2. SHM SENSING TECHNOLOGIES

On-board, real-time sensing systems are a critoaiponent of an SHM system. Such sensing
systems will minimize the need for periodic Nondastive Evaluation (NDE) inspections, or at
least focus these inspections to specific vehicdasawhere damage was indicated. SHM sensors
must be able to withstand harsh aerospace operatimgonments, while having minimal size,
weight, and power requirements. A number of cartdi®&iM sensor technologies are discussed in
this paper. These include both active and pasdivasanic methods, fiber-optic sensors, carbon
nanotube sensors, and wireless sensors.

2.1  Active and Passive Acoustic Sensing

Ultrasonic sensing, applied in both active and ipassiodes, is a sensor technology area receiving
considerable attention. Analysis of actively traitged ultrasonic signals is a conventional NDE
methodology that has long been used to detect sswba damage. However, such approaches use
sensors that are scanned over the structure taderevpoint-by-point representation of material
properties and/or damage locations. Such scannwtgepapproaches are not currently feasible for
continuous, on-board monitoring. Therefore, the wdearrays of permanently attached or
embedded ultrasonic transducers, which act duadlytransmitters and receivers, is being
researched. Ultrasonic signals generated by onsdumer are detected by neighboring transducers
within an array. Damage along paths between thesdizcers can be detected, and with more
complex analysis methods, material along seconganpagation paths that include reflections
from structural boundaries can also be evaluated. development of the Stanford Multi-Actuator
Receiver Transduction (SMART) layer is an excellerample of recent efforts in this atea
Ongoing areas of research in active ultrasonicisgriechnology for structural health monitoring
include 1) the further improvement and charactéonaof miniaturized, rugged, embeddable
sensors, 2) analysis methodologies for optimizets@eplacement to enable characterization of
damage throughout the entire structure rather fban along direct propagation paths, and 3)
modeling of ultrasonic guided wave propagation theturs when such sensors are attached or
embedded on thin-walled aerospace strucfures

Passive ultrasonic monitoring, also known as acowshission (AE), also utilizes an array of
ultrasonic sensors. The sensor array is used Bive#is monitor acoustic signals that are generated
by damage mechanisms such as crack growth and irdpatage. The signals propagate through
the structure and are detected by the sensor akreglysis of the arrival times of the signals at
different sensor locations along with knowledgéehaf velocity of sound propagation can be used to
triangulate the location of the damage mechanisnsome cases, detailed analysis of the acoustic
emission signals can also provide information alte&itnature and severity of the damage.

AE methods are being investigated for on-board shpatection for the Space Shuttle as a result
of the Columbia Shuttle tragedy. This accident wassult of damage to the Shuttle wing leading
edge caused by impact of foam insulation that brofteof the external tank during ascent. AE
signals were recorded during foam impact testsharit® wing leading edge test articles during the
Columbia accident investigation. A diagram of ongls test article illustrating leading edge
reinforced carbon-carbon (RCC) panels 5-10 is shimMagure 1. An array of 8 AE sensors was
located on the inner surface of the leading edge spthis test article as shown in this figure. In



one such test, a foam projectile with dimension8.68 X 11.5 X 22.56 inches was impacted onto
panel 8 at a velocity of 777 ft/sec. These dimamsiand velocity are believed to be representative
of the foam piece that struck Columbia during asc&he resultant AE signals created by this
impact are shown in Figure 2. As to be expected,sénsor nearest the impact point (sensor 5)
produced the largest amplitude and earliest agiviE signal. Sensors more distant from the
impact showed increasingly smaller amplitudes atdrlarrival times. This foam impact event
produced catastrophic damage in the RCC materiddit®nal testing is being performed to
investigate the AE response to smaller and lessagarg foam impacts. In addition, AE signals are
being acquired for a variety of other potentialnen ascent debris materials such as ice, ablator,
and metal, as well as during simulated micromeiddropact events that can occur during orbit. In
addition to the RCC leading edge, the potential A& detection of impacts to wing sections
covered by insulating ceramic tiles is also beinglied. Results to date suggest that AE can readily
be used for on-board impact detection on the SBacitle.
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Figure 1. Schematic of Shuttle wing leading edga #aticle showing RCC panels, location of
impact and position of AE sensors.

There are still a number of improvements requicethake AE a more viable technology for SHM
of aerospace vehicles. It is desirable to haveaersaving lighter weight, increased sensitivity,
and increased ruggedness over those currentlyaalailAdditionally, reductions in size, weight,
and power requirements of the associated AE mongoimstrumentation are also needed.
Advances in AE analysis methodologies are requitednore accurately locate and identify
damage, while intelligently discriminating extramemoise from signals indicating actual damage.
Ongoing efforts in this field include the developrhef AE multiplexing instrumentation that can
miniaturize AE flight systems, the developmentib&f-optic AE sensofsand the development of
Modal AE based analysis meth8dsAnother significant development is that of modgli
approaches to better understand and predict AEagaijpn phenomeha Such models are of
benefit for a number of reasons to including tharabterization of AE transducers, optimization of



sensor placement on a structure, scaling of AEltsestom laboratory test coupons to full scale
structures, and the development of new and autah#efedata analysis methods.
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Figure 2. AE signals from foam impact on ShuttleQR@ing leading edge.
2.2  Fiber-Optic Sensors

Considering the large area of aerospace vehidetstal elements, extremely large numbers of
sensors will be required for on-board structur&gnity assessment. Fiber optic sensors have been
identified as a leading candidate technology foretimg this requirement with minimal weight
penalty. Numerous sensor sites can be multiplexedgaa single optical fiber, mitigating the
complexity and weight inherent with the wiring réga for a large number of single-ended
sensors. Fiber optic sensors also provide othearddges such as the ability to measure many
different structural parameters of interest, imnyto electromagnetic interference (EMI), and the
ability to operate over a very large range of terapges and environments.

Fiber optic sensors can be separated into two edad$er discrete strain and temperature
measurement: cavity-based designs and grating-bdssigns'. Cavity-based designs utilize an
interferometric cavity in the fiber to create trensor. Examples include the extrinsic Fabry-Perot
interferometer (EFPI), the intrinsic or fiber Fali?grot interferometer (IFPI or FFPI), and all other
etalon-type devices. Although such sensor desigmg Hbeen utilized in a wide variety of
applications such as in high temperature and EMirenments, they do not allow for multiplexing
capability in a single fiber, and thus, may be tedifor applications requiring a large number of
sensors.

Grating-based designs utilize a photo- or heatéeduperiodicity in the fiber core refractive index
to create a sensor whose reflected or transmittadedngth is a function of this periodicity.
Grating-based sensors (e.g., Bragg gratings) caasiéy multiplexed by using gratings of different
wavelength as in the case of wavelength divisiottipiexing (WDM). Factors limiting the number
of sensors in a single fiber include the limitesdbaidth of the source as well as that supported by
the fiber, and the range over which the physicedupeter of interest is being measured.

Another grating-based system developed at NASA lsfg'® has the ability to multiplex
hundreds or thousands of Bragg gratings in a sifilgé. The system is based on the principle of
optical frequency domain reflectometry (OFDR) anssemtially eliminates the bandwidth
limitations imposed by the WDM technique becaus®fathe gratings are of nominally the same
wavelength. Writing gratings at the same wavelengthatly simplifies manufacturing of the
sensing fiber. Typical Bragg grating readout systemequire gratings with much higher



reflectivities. However, the OFDR employs a coherdetection scheme and is capable of
interrogating very low reflectivity gratings. Thallows the recording and analysis of strain or
temperature from a large number of gratings imglsifiber. In fact, the OFDR is sensitive enough
to measure strains by using Rayleigh scattering fiiwe fiber cor¥ in lieu of a Bragg grating. By
tracking wavelength changes in individual gratingse is able to measure mechanically or
thermally induced strains in the grating. In aduditi by applying a coating to the fiber that is
strained in the presence of a chemical of intergsts possible to use this Bragg grating
measurement system to provide high density chersmasing. NASA Langley has demonstrated
this approach for the sensing of hydrogen usintagaim coatings. A sensing system of this type
was flight tested on the Space Shattfe

One concern of optical fiber sensors has been a@hdtagility. However, recent testing has
demonstrated the survivability of fiber Bragg gngtisensors under cryogenic exposure through
numerous liquid helium cryogenic cycles on composityotank y-joint test articlésThe y-joint
represents a critical region of composite cryotabksng developed by Northrop Grumman
Corporation (NGC) for the Next Generation Launclehrelogy (NGLT) Program. The specimens
consisted of outer skirt and inner dome graphitexgpcomposite skin layers bonded to a
honeycomb substrate in a sandwich configuratioshasvn in Figure 3a). They were instrumented
with both Bragg gratings and conventional foil strgages and measurements were taken during
loading under cryogenic conditions at —420 degFeekhree optical sensing fibers were bonded on
both the dome and the skirt along with conventiosahin gages. Each fiber contained
approximately 15 Bragg gratings 10 cm apart. Filyglic strain measurements were performed
throughout the 10 test sequences for a total of 480 cycles simulating NGLT cryogenic fuel
tank environments. Each test sequence consisteabting the sample from room temperature to —
420 degrees F, cycling the dome plate load 40 tifrms zero to 100% limit load of 18,360
pounds, then warming back to room temperature. Qgiag@h in Figure 3b) shows the close
agreement of a fiber optic strain measurement &b ¢f a conventional strain gage measurement
obtained during these tests. Fiber optic thermalpansation data was obtained through apparent
strain testing in which the test article was codiediquid helium temperature prior to applying
load. There was little degradation in the perforogaaf the fiber-optic sensors, indicating that they
are reliable and suitable for cryogenic applicatiogven for inner mold line applications. Northrop
Grumman reported that the fiber optic Bragg grastrgin sensors offer an alternative method to
conventional strain sensors, which often fail egogenic temperatures.
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Figure 3. a) Composite y-joint test specimen wiphical fiber and conventional strain gages and b)
Comparison of fiber optic Bragg sensor and adjacenventional strain gage response

2.3  Wireless Sensors



One critical issue in adding SHM sensors to aemespeehicles, particularly for retrofitting to
existing vehicles, is that of wiring. Wiring addeiyht and complexity to the vehicle. Additionally,
wire degradation due to wear, excessive heating,cAemical exposure can lead to loss of sensor
data, or worse, cause damage from arcing or firee \degradation has resulted in major aircraft
accidents as well as delays in launches of spdaelgs. A novel wireless measurement system is
under development that alleviates many of theseatmings®%:

Key to this method is the use of magnetic fieldpooese sensors designed as passive inductor-
capacitor circuits. The sensors produce magnegid fresponses that change according to the
physical quantities that the sensors measure. Piewérelessly provided to the sensing element by
using time varying magnetic fields (Faraday indoc}i A radio frequency antenna produces a time-
varying magnetic field used for powering the senasrwell as receiving the magnetic field
response of the sensor. An interrogation systemdiscerning changes in the sensor response
frequency, resistance and amplitude has been dmekldlultiple sensors can be interrogated using
this method. The method eliminates the need to bastata acquisition channel dedicated to each
sensor and does not require the sensors to béhseacquisition hardware.

Methods of developing sensors exploit geometriceiovironmental changes to the sensor. For
example, capacitor geometric changes or dielectranges (e.g., due to the presence of chemical
species or due to a material phase transition)ataal geometric or inductor permeability changes
of a sensor will result in magnetic field respofisgjuency change. The method has the potential
for acquiring many different types of measurememtse interrogation system under development
allows for acquiring measurements from any magnietid response sensor developed to exploit
the aforementioned phenomena. The system also salfow autonomous sensor interrogation,
analysis of the received response in terms of @daevof the physical state and comparison of
current measurements with prior measurements todupe dynamic measurements. The
interrogation system has two key facets: the harevi@ producing a varying magnetic field at a
prescribed frequency, and algorithms for contrgllithe magnetic field produced and analyzing
Sensor responses.

The sensors are not connected to a power soustkc@n-based processor or any data acquisition
equipment. The inherent design of the sensor amdnidans of powering the sensors eliminate the
potential for arcing. The measurement acquisitipsiesn and sensors are extremely lightweight.
The system can greatly increase the number of mmasmts performed while alleviating the
weight penalty. Measurement complexity and prolisiof failure are greatly reduced. Because the
functionality of the sensors is based upon magrfetlds, they have potential use at cryogenic
temperatures, at extremely hot temperatures, ishhetnemical environments and in high radiation
environments. Furthermore, the method allows measents that were previously unattainable or
logistically difficult because there was no praaticneans of making electrical connections to a
sensor. The system eliminates many “wire” issues s1$ weight, degradation, aging and wear. To
date, sensors have been developed using this dolacepeasurement of position, dielectric level
(e.g., fluid level or solid particle level), loadhar, axial, torsion), angular orientation, materi
phase transition, moisture, exposure to variousnatads, rotation/displacement measurements,
bond separation, proximity sensing, contact, pressirain and crack detection.

The method has an interrogation distance of 9iftgu$.0 W and 11 ft using 1.5 W of power when
separate transmission and receiving antennae ade ke measurement acquisition method can be
used even when the sensor is embedded in materilgng as it transmits the radio frequency
energy that interrogates the sensing element. Ararddge of this method is that the sensor
components can be non-obtrusively added to thecheefor which it is being used. An antenna can
be produced as a metallic foil or as metal depdste a thin dielectric film. Either version of the
antenna can be mounted to an existing bulkhead tloer ostructural components. For some



applications, sensors can be fabricated using naeabsition methods. Metal deposition can be
used to add sensors to a vehicle during manufacturi

An example of a magnetic field response fluid-legehsor is shown in Figure 4a). The sensor
consists of two capacitive plates electrically dedpto an inductor. The capacitor was placed in a
cylindrical container while the inductor remainedtside the container. The container was filled
with hydraulic fluid. As the fluid filled the voicdbetween the plates, the dielectric exposure
increased proportional to fluid immersion and thelsanged the sensor’s resonant frequency.
Frequency measurements for two 23 cm fluid-levakees of different widths are shown in Figure
4b). As the levels increased, the frequencies dsere The fluid level was increased using 13 mm
increments. A fluid-level of 23 cm resulted in @uwetion in the resonance frequency over 1.1 MHz
(for 3.2 mm plate width) and 0.8 MHz (for 1.6 mnafa width) from that of the empty container.
The capacitive plates are necessary when viscoigsfhre used because any residual film has a
negligible effect on measurements. The amountate@eparation is designed to eliminate capillary
effects.
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Figure 4. a) Magnetic field response fluid-levehsg and b) Magnetic field response variation
with fluid level as measured by interrogation angen

2.4 Carbon Nanotube Sensors

Carbon nanotubes present themselves as potentialjul candidates in the development of
multifunctional structural materials with embedd8#iM. The high strength to weight ratio of
carbon nanotubes combined with quantum transpaackeristics offer intriguing possibilities for
next generation material systems. Carbon nanothhes been predicted and measured to have a
Young’s modulus on the order of 1 TPa. They cao abhibit either semiconducting or metallic
behavior based on the chirality of the tube andidbiahlly transport electrons while maintaining
their spin state. Research at NASA Langley has deduon applications of such materials as
structural strain and magnetic field sen§6f$ Using a nanotube placement and alignment
technique based upon dielectrophoresis, sensorsmtil bundles of single wall carbon nanotubes
as the active elements have been fabricated for puiposes.

Tailoring of the nanotube configuration has yielddh strain and magnetic field sensitive material
systems. In the first case, transfer of the cirtwit flexible substrate has been shown to enable
strain measurement along the nanotube alignmesttiin. The long spin coherence length of
carbon nanotubes is capitalized upon for the fabion of magnetic field sensors. Coupling of the
nanotubes to ferromagnetic contacts enables spamped electrons to be injected into the
nanotube. The scattering of such electrons at anskecontact is proportional to the relative
alignment of the magnetic moment directions, widah be tailored to provide measurement of the
external field strengfi. Figure 5 shows such an atomic force microscopege of a single wall



carbon nanotube magnetic tunnel junction sensqrefixental measurements on this sensor found
a low current magnetoresistance of approximatedg 20
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Figure 5. Scanning probe microscope image of canamotube magnetic tunnel junction for
magnetic field sensing.

3. SHM DATA SYSTEMS ARCHITECTURES

Onboard architectures supporting envisioned stractuealth monitoring concepts will be tasked
with a broad range of responsibilities — respottiids that range from low-level acquisition of raw
sensor data to the safety-critical characterizatibstructural integrity. From a data management
perspective, the architecture will provide for tinéerrogation and demodulation of multiplexed
sensors, networking of subsystems, and the fudistrjbution, and archival of pertinent data. From
a functional perspective, the architecture’s respmlities may include identification of flight
profile, warehousing of usage history, certificatioad levels, and repair and inspection recorsls, a
well as hosting the diagnostics and prognosticsutesdfor damage and degradation assessment.
Moreover, the architecture is expected to suppbiSystems that safely, and cost-effectively,
augment, or even replace, certain maintenancerspedtion procedures.

NASA Langley has been working with industry and deraia partners to address a variety of
architectural topical areas critical to the suchidsdeployment of SHM systems. Relevant to
commercial aviation, a cost benefits anaffsishowed that the implementation of a health
monitoring system can significantly reduce life leycost for maintenance and inspection of certain
structural components, and a regulatory andysi$ered recommendations that could facilitate the
introduction of health monitoring technology. Claeaistics relative to architecture, such as
scalability, flexibility, robustness, and extendityi have been identifi€d?® in the context of
sensors, processors, interconnection networksagdorand software. Sensor interrogation and
signal demodulation aspects are being investiggpedific to the Langley developed OFDR fiber
optic sensing systeth An architecture concept specifically tailored to the OFDR is under
development, and a series of simulated axial fgeelap joints have been instrumented and tested
for evaluating the architecture concept and fordmg a proof-of-concept diagnostic inference
model that can infer the presence of growing fatigracks at affected and adjacent fastéhefs
exemplify the need for architectures to accommodatelving technology, investigation is
underway to replace portions of the digital sigmalcessing function used for signal demodulation
in the OFDR system with hardware that providesifoect optical AM demodulation.



Efforts to develop architectures for extremely &argumbers of more generic types of sensors are
also under way based on a complex multi-agent sy&t&uch systems consist of a large number of
distributed “agents”, each of which consists ofuaber of sensors, sufficient processing power for
local data acquisition and analysis, and the ghititcommunicate with other agents. They may be
fixed (embedded in the structure) or mobile, and/ feam static or dynamic ad hoc networks.
These agents may have information and knowledgetdhbeir local environment, but generally not
about larger regions of the structure: they camestical problems but don'’t “see” the big picture.
Figure 6 shows the general architecture of sucystes. Each agent is assumed to control a small
local group of sensors and/or active elements.efys$tinction is controlled by the communications
between agents. The System Management block ddesontrol the operation of the system; it
simply provides a communication port by which sgst@formation can be made available to the
outside world. Agents may be embedded or mobile, e system of agents is likely to be
heterogeneous.
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Figure 6. Schematic diagram of the general arclutecof a multi-agent structural health
management system.
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The interactions within such a system of agentslead to highly non-linear emergent behavior, or
self-organization, of the system. Biological anagygtems, such as ant nests or bee swarms, show
that this emergent behavior can produce resporsesystem perturbations that have all the
hallmarks of intelligence greater than that of ahyhe constituent agents. The long-term objective
is to develop a system such as this to producegantebehavior as a result of a damaging event,
which encompasses the required sequence of respodsenage detection and assessment;
diagnosis of the nature of the damage; prognosisldmage development and effect on structural
integrity; development and initiation of an appliape response; and monitoring of its effectiveness.

An experimental test-bed has been developed tcsiigate and demonstrate the principles of the
multi-agent approach to an intelligent health mamagnt system, and to conduct experiments with
different algorithms, sensors, sensing strategiegerials, etc. In its initial development phase, t
test-bed has been designed to monitor and respopdrticle impacts as the only form of damage.
The test-bed has been constructed as a hexagosia pr0.8 m high and the maximum distance
across the hexagonal cross-section is ~ 0.8 m.ré&iguis a schematic diagram of the test-bed
structure. An aluminum frame is covered in ~ 200 mMADO mm aluminum sheet panels, and each
such panel contains four sensing agents (or pHysals) of the multi-agent system: the prism
surface contains 192 such cells. Impacts are deteahd located using passive piezoelectric
polymer (PVDF) sensors, of which there are 4 pdlr aethe form of circular pads 2.5 mm in
diameter bonded to the inside surface of the alumipanels. The four sensors of each cell form a
square array with 60 mm sides, which allows botiecten and location of particle impacts. While
some experiments were carried out with fast pagigroduced by a light gas gun, most have used
high-power laser pulses to simulate particle impaEtach cell, or agent, also contains electronic
modules for data acquisition from the sensors, ggsing of the sensor data, and communication
with the cell’s four nearest neighbors. The genarahitecture is a two-dimensional version of Fig.
6. Further details of the physical constructiorthef test-bed are published elsewher2 in
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Figure 7. Schematic diagram of the experimental-ied. The hexagonal prism of the main
structure is on the left. An array of PCs is prédenallow additional agents to be simulated to
increase the system size. The System Managemekstation is shown on the right.

A PC workstation is used to operate and monitortés¢-bed, acting as the System Management
and Visualization block of Figure 6. However, tinsrkstation does not control the system when
the agent software is running. It acts only asspldy system, providing a visual indication of the
state of the cells. The workstation may be usedHerfollowing: distribution of code, initializato

of clock time, real-time display of network topolggdynamic display of current flow, real-time
display of impact locations and severity, and digmf cell damage.

A number of algorithms have been developed thatotetnate relatively simple capabilities based
on self-organization. The first forms a boundaryusud a region of the skin that has been damaged
by a particle impaéf. While the actual damage produced by the laseseplimpacts” is relatively
minor and well localized, more extensive damage lmaisimulated by a controlled degradation of
the communications ability of cells surrounding thpact site. The algorithm has been shown to
work well for overlapping damage regions due totipld impacts, and when the damage region
also contains a cell that has failed; it enablesatged cells to be identified, and a continuous
boundary to be formed around the damaged regiors dlgorithm illustrates the ability of the
system to continue operating effectively in thesprece of damage. It is important to recognize that
there is no central processor controlling this pssc The structures are determined as a result of
communications between the cells: they have segl&uized.

Another algorithm developed creates a “minimum spam tree” network between a number of
non-critical impact sites by simulating the behawd ants>. In this case the ants are message
packets that “explore” the network of cells, frordamaged cell, searching for impact sites. Having
located another damaged cell, an ant returns tthdame” cell using dead reckoning, creating a
shortest path. It communicates with other “ants”légving a simulated pheromone trail, so that
more ants gradually converge on the shortest petiiden two damage sites. The resultant network
of shortest paths could be used, for example, if@grwstic purposes, or to direct resources to the
damage sites for repair purposes. A mobile rolagent is currently being developed, and this may
follow the pheromone trails to be guided to damsiges. Also under development are algorithms
that cluster damage sites according to severity, @m approach to developing self-organizing
diagnostics by clustering and subsequent classditaf features extracted from sensor signals,
using self-organizing maps.

One of the aims of this general approach is toagsnts that are as simple and reliable as possible.
Future developments will therefore concentrate lo@ implementation of simple and efficient
sensing strategies as well as on the developmenalgdrithms that produce increasingly
sophisticated responses, including damage diagrmsignosis and remediation decisions.



4. STRUCTURAL ANALYSIS FOR SHM

In addition to sensing and data systems architesfw third critical component is the development

of structural analysis methodologies for SHM syster8tructural analysis tools are needed to

optimize the selection of the type of sensors ali as the locations of sensors on aerospace
structures. Both physics based and empirical apgpexare needed to analyze data to diagnose
damage and for prognosis of future structural perémce. Advanced data analysis approaches
such as data fusion and artificial intelligence moeblogies will be needed to covert raw sensor

data from hundreds or thousands of multiple tygesensors, to knowledge of structural condition.

One current area of structural analysis being masis real-time reconstruction of full-field
structural displacements and internal loads. Th&seen as enabling technology for structural health
monitoring and actuation and control systems feeklbfar the next generation of aerospace
vehicles. To facilitate such capabilities, loadrgerg structural members need to be instrumented
with a network of strain sensors, e.g., fiber ofiagg-grating sensors. Reconstruction of a
displacement vector at every material point of #teucture from a set of discrete strain
measurements constitutes an inverse mathematichlepn. Inverse problems are ill posed in the
sense that they do not necessarily satisfy comditad existence, uniqueness, and stability. Far thi
class of mathematical problems that use experirigmteeasured data known only approximately
and containing random error, general methods fosiracting approximate solutions that are stable
under small changes in the measured data havedeseitoped using the fundamental concept of a
regularizing operatof’.

Recently, a regularized least-squares variatiomaiciple has been developed by Tessler and
Spanglet’* addressing the inverse problem of reconstrudtieghree-dimensional displacements
and internal loads in aerospace structures. Thdaeged variational principle is used as a bagis f
developing a robust and computationally efficientarse Finite Element Method (iFEM) aimed at
reconstructing the full-field displacements anceintl loads in plate and shell structural models
using strain data obtained from in-situ strain sefis The formulation is based upon the
minimization of a least squares functional that suske complete set of strain measures
corresponding to a first-order shear deformatiaotis. The error functional uses the least-squares-
difference terms comprised of the strains thatexigressed in terms of the displacements and the
corresponding strains that are measured experithen#dl strain-displacement relations are
enforced explicitly whereas the analytical and meas strains are matched in the least-squares
sense. A penalty parameter controlled regularinagom enforces physical constraints imposed on
the transverse shear strains. By virtue of thesamgtions, all strain compatibility relations are
explicitly satisfied. The methodology for reconsting the displacements does not require elastic
or inertial material properties. Thus, it is equalbplicable for static and dynamic loadings. Once
the displacements are reconstructed, the interoatlsl are readily computed from strain-
displacement and stress-strain relations.

A constant-strain inverse shell element, labeledNiB) was developed and implemented into
NASA’s COMET-AR* finite element code. The element has three noddscanventional shell-
like six degrees-of-freedom at each node, i.e.eghdisplacements and three rotations. The
displacement variables are interpolated using thees$t-order &continuous anisoparametric
functions adopted from a related Mindlin theorytglormulatiori°.

As an illustration of the IFEM reconstruction cajiy a cantilevered aluminum plate (2024-T3
alloy) of thickness 0.125 in was subjected to #csteansverse force of 5.784 Ib applied near e t
of the plate as shown in Fig. 8. The plate, testeastructures laboratory, was instrumented w&h 2
strain rosettes positioned on the bottom surfaaeh Rlirect (forward) and inverse FEM plate
analyses were performed. The direct FEM model stediof a high-fidelity, uniform mesh of 432



four-node plate elements (S4R elements in ABAMY)Svhereas the inverse FEM model used a
relatively coarse, low-fidelity mesh of 28 iMIN3iangular elements that employed the
experimentally measured strains to reconstrucbémeling deformations of the plate.

Clamped y o Strain rosette
Edge 38in —>3"8i2—. Applied force

@
&
E
o
o o!o»o
o oio o
i

All dimensions in inches

Figure 8. Cantilevered plate under transverseeforc

The deflection contours corresponding to the diegxt inverse FEM analyses are presented in Fig.
9. As seen from the figure, the direct and invéi&® results are in excellent agreement across the
entire plate domain including the maximum valudss®xample illustrates that iFEM may be used
effectively with fewer elements and degrees-ofdaa then the traditional direct FEM to
reconstruct accurately and efficiently the struatudeformation solutions from measured strains.
This aspect is particularly important for real-tina@plications, since it ensures the required
computational efficiency.

-1.175-35 -1.175-35

-2.454-02 -2.455-02

Inverse FEM

-4.908-02 Direct FEM . -
(iMIN3 elements with rosette
236002 (S4R ABAQUS elements used) strain measurements used) -3¢0

-9.815-02 -9.821-02

-4.911-02

-1.227-01 -1.228-01

-1.472-01 -1.473-01

-1.718-01 -1.719-01

196301 High-Fidelity mesh Low-Fidelity mesh 196401
-2.208-01 -2.210-01
-2.454-01 Max. deflection Max. deflection 245501
-2.699-01 W=0.2699 in W=0.2701 in -2.701-01

Figure 9. Deflection contours predicted by direEMF(432 S4R elements, ABAQUY and inverse
FEM (28 iMIN3 elements, COMET-AR).

Considering the superior predictive capability,satility, and computational efficiency, the iIFEM

methodology can be regarded as essential technédogyroviding real-time feedback to actuation
and control systems of the next generation of gawe vehicles, as well as for applications to
structural health monitoring.

5. SUMMARY AND CONCLUSIONS

Extremely large numbers of a variety of sensor sypdl be necessary to provide real-time, on-
board structural integrity assessment as part oSHM system for aerospace vehicles. These
sensors will measure a multitude of parametersudicl strain, temperature, load, pressure,
vibration, ultrasonic waves, and local chemistrgr Hight applications, such sensors will need to
be extremely lightweight, as well as be able twiseerrugged environments. At present, fiber optic
sensing is the leading candidate for such apptinatbecause of the ability to multiplex hundreds to
thousands of sensors in a single fiber. Ultraseaitsors, utilized in both active and passive modes,
are also being studied for on-board structuralthealonitoring. For retrofit onto existing vehicles



as well as new vehicles, wireless sensors offeistanbial benefits in removing the weight,
complexity, and potential danger of wiring. Carb@amotube based sensors are being developed for
strain and magnetic field sensing. Carbon nanotabegalso being investigated for the development
of unique, high strength composite materials incktthey could also serve as sensing elements as
multi-functional materials.

In addition to sensing, the data systems and psaugsrchitectures that will be required to support
these massive numbers of diverse sensors are tensidered. Analyses of requirements are being
performed along with development of architecturéh wmphasis on the integration of fiber optic
sensors with more conventional sensor types. Bfftotdevelop architectures for more generic
types of sensors are also under way based on aleommulti-agent system. Such systems consist
of a large number of distributed “agents”, eachlwvbich consists of a number of sensors, sufficient
processing power for local data acquisition andyaigg and the ability to communicate with other
agents. Multi-agent architectures may offer numeraalvantages over centralized processing
approaches in terms of robustness and reliabdityg the capability to produce emergent behavior
similar to biological systems.

A third and equally critical element for success&HM deployment is the development of
structural analysis techniques specific to SHM. sehere needed to optimize the type and
placement of sensors on a structure. They areratpored for robust and efficient data analysis to
process the large amounts of raw sensor data sefuluknowledge about the current deformation
and damage state of the structure as well as psigoo the future performance of the structure.
One current area of structural analysis being masis real-time reconstruction of full-field
structural deformations and internal loads fromrspaets of measured strain data. Inverse FEM
approaches are being developed to address thsaltyitimportant problem. This capability is also
essential for providing real-time displacement fesak to the actuation and control systems of the
next generation of aerospace vehicles, as pattuftaral health management systems.
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