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AGARDograph Series 160 and 300

Soon after its founding in 1952, the Advisory Group for Aerospace Research and Development (AGARD)
recognized the need for a comprehensive publication on Flight Test Techniques and the associated instrumentation.
Under the direction of the Flight Test Panel (later the Flight Vehicle Integration Panel, or FVP) a Flight Test
Manual was published in the years 1954 to 1956. This original manual was prepared as four volumes:
1. Performance, 2. Stability and Control, 3. Instrumentation Catalog, and 4. Instrumentation Systems.

As a result of the advances in the field of flight test instrumentation, the Flight Test Instrumentation Group was
formed in 1968 to update Volumes 3 and 4 of the Flight Test Manual by publication of the Flight Test
Instrumentation Series, AGARDograph 160. In its published volumes AGARDograph 160 has covered recent
developments in flight test instrumentation.

In 1978, it was decided that further specialist monographs should be published covering aspects of Volumes 1
and 2 of the original Flight Test Manual, including the flight testing of aircraft systems. In March 1981,
the Flight Test Techniques Group (FTTG) was established to carry out this task and to continue the task of
producing volumes in the Flight Test Instrumentation Series. The monographs of this new series (with the
exception of AG237 which was separately numbered) are being published as individually numbered volumes in
AGARDograph 300. In 1993, the Flight Test Techniques Group was transformed into the Flight Test Editorial
Committee (FTEC), thereby better reflecting its actual status within AGARD. Fortunately, the work on
volumes could continue without being affected by this change.

An Annex at the end of each volume in both the AGARDograph 160 and AGARDograph 300 series lists the
volumes that have been published in the Flight Test Instrumentation Series (AG 160) and the Flight Test
Techniques Series (AG 300) plus the volumes that were in preparation at that time. Annex B of this paper
reproduces current such listings.
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Application of Fiber Optic Instrumentation
(RTO AG-160 Vol. 22 / SCI-228)

Executive Summary

This AGARDograph presents an introduction to fiber optic systems and is intended to provide a basic
understanding of the utilization of these systems for aircraft instrumentation. It documents the current state
of the art and provides references for users of this technology to track the rapid advances expected in fiber
optic technology in the coming years.

Revolutionary advances in fiber optic technology, as applied to flight-test instrumentation, have been
achieved over the last decade and are expected to continue at a rapid pace for the foreseeable future. There
has been significant maturation in both the manufacturing of fibers and the miniaturization of hardware,
which has enabled movement of this technology from controlled laboratory environments to realistic aircraft
operations. The ability to closely space sensors on the fibers has improved by orders of magnitude and the
capability for continuous sensors is rapidly becoming feasible. Fiber optic systems will revolutionize flight-
test instrumentation for all of the NATO members, potentially eliminating strain gages and their associated
wiring while collecting more accurate and densely spaced measurements at a significantly reduced system
weight. Fiber optic instrumentation provides the ability to capture system-wide stress, strain, and temperature
measurements far beyond classic aircraft flight-test instrumentation applications. The technology also
enables the determination of many other derived engineering parameters such as structural shape, and applied
loads; information that has not been available before with conventional aircraft sensors systems.

This AGARDograph documents the current state of the art for this technology and provides references for
users to track the rapid advances expected in fiber optics in the coming years. One application for this
technology could be to a wide range of NATO aircraft systems in order to establish a comprehensive set of
data for aging aircraft. Other future applications could entail embedding fiber optic systems in composite
structures as they are manufactured, allowing extremely light-weight flexible structures to be actively
controlled, giving enhanced capability to air, surface, and ground-based NATO systems.

iv RTO-AG-160-V22



Validation des systemes d’instrumentation
a fibres optiques
(RTO AG-160 Vol. 22 / SCI-228)

Synthese

Cette AGARDograph présente une introduction aux systémes a fibres optiques et a pour objet d’expliquer
I’utilisation de ces systémes dans I’instrumentation embarquée. Elle expose I’état actuel de la technique et
fournit un cadre de référence pour que les utilisateurs de cette technologie puissent suivre les progres rapides
qui sont attendus dans le domaine des fibres optiques au cours des années a venir.

Durant les dix derniéres années, des progrés révolutionnaires ont été accomplis par la technologie des fibres
optiques appliquée a I’instrumentation des essais en vol, et ces avancées devraient se poursuivre a un
rythme rapide dans un avenir prévisible. Le degré de maturité des procédés de fabrication de fibres et de
miniaturisation du matériel a progressé, permettant ainsi a cette technologie de passer du stade des conditions
contrblées en laboratoire au stade des conditions d’opérations aériennes réalistes. La densité d’intégration
de capteurs dans les fibres a été accrue de plusieurs ordres de grandeur et les progrés réalisés en termes
de faisabilité de capteurs continus sont rapides. Les systemes a fibres optiques vont révolutionner
I’instrumentation des essais en vol dans I’ensemble des pays membres de I’OTAN, entrainant la disparition
progressive des jauges extensométriques et des cablages qu’elles nécessitent, tout en autorisant des mesures
plus précises a haute densité d’intégration et pour un poids bien moindre. Les instruments a fibres optiques
offrent des capacités de mesure de contrainte, d’allongement et de température a I’échelon d’un systéme bien
supérieures aux possibilités des instruments embarqués classiques d’essais en vol. Gréace a cette technologie,
il est en outre possible de calculer une multitude d’autres paramétres techniques dérivés, tels que la forme de
structures et les charges appliquées, informations qu’il n’était jusqu’a présent pas possible de recueillir avec
les systémes de capteurs embarqués classiques.

Cette AGARDograph expose I’état actuel de la technique et fournit un cadre de référence pour que les
utilisateurs de cette technologie puissent suivre les progrés rapides qui sont attendus dans le domaine des
fibres optiques au cours des années a venir. Cette technologie pourrait, notamment, étre appliquée a un large
éventail de systemes d’aéronefs de I’'OTAN dans le but de constituer un ensemble détaillé de données pour
des aéronefs vieillissants. D’autres applications futures pourraient consister a intégrer des systemes a fibres
optiques dans des structures composites en cours de fabrication, autorisant ainsi le controle actif de structures
flexibles ultra légéres et améliorant les capacités des systemes OTAN aériens, de surface et terrestres.
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Chapter 1 - INTRODUCTION

A new technology has emerged in recent years that has the potential to dramatically improve the design
and efficient operation of aerospace vehicles throughout their entire life cycle, from initial design to final
retirement. This new technology, often referred in the literature as Fiber Optic “Smart” or “Sensory”
Structures (FOSS), began in the early 1980s with breakthroughs in the miniaturization of sensors and
actuators, along with advances made in the field of composite materials. The FOSS concept, as originally
envisaged, involved the distribution of advanced sensor networks, such as fiber optic sensors, that could
be integrated within, and adhered to the surface of load-bearing composite structures. The vision was that
these sensors could be distributed in vast networks analogous to the nervous system in the human body.
Information from these sensory networks could be fed-back to on-board or central processing computers,
serving as the brain, which in turn could provide instructive information to pilots, maintenance crews,
or other key decision makers responsible for ensuring vehicle performance over the vehicle’s life cycle.
Stresses, structural instabilities, temperature distributions, and a plethora of other engineering measurands
could be monitored in real time with a single fiber optic based instrumentation system. Such a system
could offer an unparalleled amount of valid engineering data indicating the structure and sub-system health
with almost no weight penalty.

While an increasing number of FOSS technologies are emerging from the research laboratory, many
technological barriers still exist that impede its acceptance by the aerospace community. This acceptance
is especially challenging because of strict vehicle performance requirements, coupled with highly aggressive
project schedules that compete against the implementation of what is viewed by many as “high risk”
technologies. Much of that risk comes from a lack of understanding of the accuracy and performance of
embedded sensors in large-scale FOSS components. This area must be addressed and the integration risk
reduced by thoroughly validating the new technology using universally accepted industrial standards.
A greater emphasis on large-scale sensor validation is required before FOSS components can gain full
acceptance by the mainstream engineering community and placed into service.

While some of the barriers toward FOSS application are technical, many of these barriers are cultural.
As with any new technology, the fear of change from what works, no matter how antiquated, to what
could be involves a cultural paradigm shift from conventional thinking. Without these cultural changes,
realizing the benefits of FOSS technologies could have the real consequence of limiting the efficiency and
performance of future aircraft vehicle designs. Or far worse, a failure to embrace the advantages of new
promising technologies, such as FOSS could impair competitiveness in combat or impact economic
competiveness in the global marketplace.

To address these barriers, this paper first presents work that has been conducted at the National Aeronautics
and Space Administration (NASA) Dryden Flight Research Center (Edwards, California) to clear some of
the FOSS technical barriers to large-scale application. After a brief overview of conventional and fiber optic
sensor technology, an overview of the research and development that has been conducted using fiber optic
sensors at all vehicle phases will be discussed. Lastly, to help overcome the cultural resistance, the FOSS
vision is presented and its potential benefits in aerospace vehicle design throughout the life cycle are
presented.

RTO-AG-160-V22 1-1
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Chapter 2- BACKGROUND

Strain gage measurements are the industry standard for determining the state-of-stress of a structure,
quantifying airframe loads to evaluate if airframe load limits have been exceeded, or for calculating the
remaining available airframe fatigue life. The foil strain gage is extremely accurate, reliable, economical,
easy to use, exceptionally linear, highly repeatable, and possesses a very strong signal-to-noise ratio.
As shown in Table 2-1, strain and temperature measurements are the most basic of all structural parameters
and can be used to quantify many types of airframe failures (W. Sheppard, “SHM Flight Test Panels,
Sensor Integration, Rev 37, project files, 2002).

Table 2-1: Strain and Temperature Measurements as
Critical Health and Usage Monitoring Parameters.

Failure Mode Structural Health Monitoring Sensor
Leaks Gas detection/temperature
Disbond/delaminations Strain/temp/acousto-ultrasonics/acoustic emission

Thermal protection failure | Strain/temperature

Overloads Strain

Over pressure Strain/pressure

Thermal damage Temperature / strain / gas detection
Dynamic overloads Acceleration / dynamic strain
Impact damage Acoustic emission/train
Moisture/corrosion Humidity sensor

The major drawbacks of conventional strain and temperature sensor technology are with its heavy wire
weight, large bundle sizes, and that the technology provides only local measurements in very near proximity
to the sensing region. Advanced sensing technology, such as distributed Bragg grating sensors, avoids some
of the limitations of conventional measurements by providing enormous numbers of engineering parameters,
such as strain, temperature, and structural shape, with a minimal weight penalty that cannot be matched by
any other current sensing technology. Fiber optic sensors also have a safety advantage because they are
chemically inert and, unlike conventional sensors, are immune to electromagnetic interference and are not
susceptible to sparking or Joule heating. Because of their small size, these sensors can also be embedded
within composite materials. Additional references to fiber optic sensing, smart structures, and fiber optic
structural health monitoring can be found in the literature. [1-5]

2.1 MERITS OF FIBER OPTIC SENSORS

2.1.1 Weight

The primary reason for the popularity of fiber optic sensors resides in their weight. They are extremely light
and are about the size of a human hair. This is an especially attractive feature for the aerospace community,
where weight is crucial to mission and/or commercial success. As an example, Figure 2-1 shows a
comparison between a typical strain gage installation and an analogous fiber optic sensor. In this example,
the strain gage sensor itself is heavier and for most installations requires three copper lead wires to connect to

RTO-AG-160-V22 2-1
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the data acquisition system. As will be explained in the next section, hundreds of fiber optic sensors can be
located on one optical fiber. Therefore, considerable weight savings can be gained based on the sensor-to-
sensor comparison as well as the sensor-to-lead wire efficiency gained by the fiber optic sensor. A typical
installation is 0.1 to 1% the weight of conventional gage installations (based on past trade studies).

Conventional Strain
Gage

Fiber Optic Sensor

Fiber Optic Sensor

Figure 2-1: Comparison of Typical Installations of Strain Gages, and a Fiber Optic Sensor.

This comparison becomes even more dramatic when one compares the state-of-the-art for conventional
high temperature metallic strain gages with an equivalent fiber optic sensor (Figure 2-2). For aerospace
applications these weight savings have direct correspondence to increases in payloads that vehicles can
deliver, and significantly extend the range at which they can travel.

Figure 2-2: Comparison of Typical High Temperature Installations
of a Strain Gage (Left), and a Fiber Optic Sensor (Right).

2.1.2  Multiplexing

In an industry where weight alone can be sufficient justification to incorporate a new technology, weight is
only a small part of the Fiber Bragg Gratings (FBG) advantage. The real strength of the FBG resides in its
capability to be multiplexed serially. This means that a single optical fiber can contain thousands of discrete
FBG sensors along its length using the Optical Frequency Domain Reflectometry (OFDR) multiplexing
scheme. For example, a recent flight test program at NASA Dryden conducted on a Predator-B (General
Atomics Aeronautical Systems, Incorporated, San Diego, California) successfully flew a FBG system with
six optical fibers, each containing approximately 500 fiber optic sensors. [6] Each of these sensors produced
a measurement every 0.5 inch that was analogous to the discrete measurement provided by a strain gage at
a fraction of the weight.

2-2 RTO-AG-160-V22
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Multiplexing also provides benefits by dramatically reducing sizes of cable bundles and reducing the
complexity of integration and testing of large-scale structural components. Figure 2-3 shows a dramatic
comparison between conventional sensors and FBG technology for a ground test article and a flight
test fixture. The flight test fixture was instrumented with both conventional and fiber optic sensors and
flown at NASA Dryden Flight Research Center. [7] Lead wires from 32 strain gages are shown next to
5 optical fibers containing the same number of fiber optic sensors. (The strain gage instrumentation is
shown as white and red jacketed lead wires, and the 5 optical fibers are visible on the left in purple.)
This multiplexing advantage saves considerable amounts of time required for pre-flight installation,
integration, and identification and trouble-shooting.

Five optical | B

fibers with 32 Ul o

fiber optic Wiring for 32
sensors strain gages

Figure 2-3: Instrumentation Comparison Between Strain Gage and Fiber Optic Sensor Technology.

2.1.3 Embedment

In addition to what has been mentioned previously about the small size of fiber optic sensors, this advantage
means that it is more readily embedded within advanced composite materials. By inspection the cylindrical
shape of the fiber sensor is clearly more conducive to embedding with composites because of its smooth
non-intrusive geometry. This physical characteristic enables internal strain field measurement of complex
material systems during the manufacturing process and testing. Figure 2-4 (left) shows a strain plot of
FBG sensors embedded under the load-introduction device on the composite crew model structure called
the CM-ALAS. The strain fields measured under the bolted joint were correlated with finite element
predictions. Figure 2-4 (right) shows a composite shear panel during testing. This panel had 16 embedded
fiber optic sensors that could be correlated with conventional sensors on the front and back of the
structure.
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Figure 2-4: FBG Sensors Embedded in Composite Structures. Strain measurements
from FBGs embedded under bolted joint on the composite crew module panel
(left), and fiber optic sensors embedded in 2 ft by 2 ft shear panel (right).

The ability to embed has also led to technical challenges that have limited its application to aerospace
structures. The issue of fiber ingress/egress from the composite has created technical challenges, which are
the subject of ongoing research and development tasks. The measurement interpretation of embedded
FBGs also hampers its acceptance. [8, 9] Interpreting measurements from FBGs embedded in composites
is a multi-disciplinary problem. Expertise in sensor and measurement technology, structural mechanics,
experimental stress analysis, composite materials, interrogation systems, and optics are all required to
adequately understand these measurements while acquired from within complex materials systems.

2.1.4 Safety

Fiber optic sensors are also inherently safer than conventional sensors. Hermetically coated glass is
chemically inert, not susceptible to corrosion, and does not have potential for ground loops, electrical faults,
sparking, or Joule heating. These sensors also are not negatively impacted like common aircraft avionics
systems with reactions to Electro-Magnetic Interference (EMI) or Electro-Magnetic Pulses (EMP).

2.2 FBG THEORY

Fiber Bragg Gratings (FBG) are produced in optical fibers, which consist of a silica glass cylindrical
shaped core, surrounded by a silica cladding of slightly higher index of refraction, and a protective coating.
The differences in indices of refraction between the core and the cladding create a waveguide, which as
the name implies, serves to efficiently guide light waves down the core of the fiber.

FBGs are created by exposing an optical fiber to an ultraviolet interference pattern, which produces a
periodic change in the core index of refraction. [10] These periodic changes cause a reflection when the light
in the waveguide is of a particular wavelength while other wavelengths are transmitted in the fiber, as shown
in Figure 2-5. The particular reflected wavelength, known as the Bragg wavelength (Ag) is dependent upon
the FBG’s period of core index modulation (A) and the effective core index of refraction (ny).
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Figure 2-5: Reflected and Transmitted Light Through a Bragg Grating.

When the FBG is strained along the fiber axis, the Bragg grating stretches or contracts, causing A and ny
to increase or decrease. This, in turn, produces an increase or decrease (i.e. ) in Ag directly related to A
and n as represented in equation (1).

g =5(2nyA)=2A (6 ) 2ny (1) (1)

Assuming the strain is constant along the length of the Bragg grating, the change in A relates to the
kinematic stretch of the fiber and in turn, relates to strain. The relationship between strain and change in
index of refraction is determined using a strain-optic tensor comprised of photoelastic coefficients.
The number of independent coefficients in the strain-optic tensor is reduced under the assumption that the
fiber is optically isotropic, and the set of equations collapses to a single expression shown in equation (2)
when the strain field is predominantly uniaxial along the fiber-grating axis.

[%} (1= po)e+ (an + ap AT @

where Aljp is the change in Bragg wavelength, A3 is the unstrained Bragg wavelength, p. is a reduced, first
order strain-optic coefficient, € is the strain in the fiber direction, a, is the coefficient of thermal expansion
of the fiber, and a, is the thermal-optic coefficient. Temperature measurements are made with FBGs by
decoupling the strain field from the substrate by placing the fiber in a small tube and attaching the tube to
the substrate. The tube allows the FBG to freely expand in the tube during loading. In this case, all terms
but a, AT on the right side of the equation are zero. Pure mechanical strain is determined by bonding the
FBG directly to the substrate and employing conventional temperature correction techniques established
for strain gages. [11]

A typical optical fiber used in our research is single-mode with a cladding diameter of 127 um and
polyimide coating thickness of 7 um. Each optical fiber contained multiple FBGs equally spaced with
Bragg wavelengths of approximately 1546 nm and strain-optic coefficients, p., of 0.1667.
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2.3 OPTICAL FREQUENCY DOMAIN REFLECTOMETRY

The system used at NASA Dryden is based on the Langley method using OFDR to interrogate FBG.
Typical OFDR systems interpret a beat frequency between a reference arm and the sensing arm where the
Device Under Test (DUT) is located; usually the interfering signal is generated through a Michelson
interferometer. Figure 2-6 is a schematic of a typical OFDR system in a Michelson interferometer,
composed of a wavelength-tunable laser (wavelength-swept laser) at ~1550 nm, a square-law photodiode
detector, and two broadband reflective mirrors.

Reference arm

Swept laser Mirror

Sensing arm

Detector 50:50 Mirror

< >

Figure 2-6: Schematics of a Typical OFDR System.

First, a tunable laser acts as a probe signal by continuously sweeping a predetermined frequency range. Light
then travels through a 50:50 (2 x 2) fiber coupler, where light of equal intensity will then be reflected from
each arm by a broadband reflector (mirror). Signals from both arms will be recombined by the fiber coupler;
however, there is a corresponding phase difference (delay) between the reference arm and the sensing arm
due to the path length difference L. The combined signal will interfere with one another due to this phase
difference, where the intensity of the interfering signal will then be detected by the photodetector.

This same interference effect is applied to Bragg gratings used as strain sensors (Figure 2-7). In OFDR
application of these sensors, the distance of each sensor can be individually determined first through
sampling of output intensity while sweeping the laser’s wavelength at all wavelength ranges. The output
intensity/signal is a summation of the complete set of gratings located along the fiber length. Each grating
is modulated with its unique frequency, a frequency that is determined by the grating’s unique position on
the fiber. These sensors are attached to an optical network for inspection.
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Figure 2-7: Fiber with Multiple Bragg Gratings.
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Figure 2-8 illustrates the implementation of an optical network used to interrogate 4 fibers simultaneously.
The tunable laser provides excitation for both the sensing and reference part of the network with 95% of
its light to be partitioned equally among the four sensing arms. The remaining 5% is sent into a Michelson
interferometer to generate a necessary sampling clock by which the four sensor arms are sampled.
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Figure 2-8: Fiber Optical Network with Reference Arm.

Applying Fourier transform to the intensity information gathered from the wavelength sweep range, this
information is then mapped from wavelength domain to spatial domain (Figure 2-9). From the spatial
domain each corresponding reflection represents each grating at its unique distance. Since applied strain
detected from each FBG is linear to its shift in resonant wavelength, each grating’s wavelength can be
determined by taking the inverse Fourier transform from the spatial domain back to the wavelength
domain, where the resonant wavelength change can be monitored (Figure 2-10).
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Figure 2-9: Fourier Transform from Wavelength to Spatial Domain to Discern Between Gratings.
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Figure 2-10: Window Function and Inverse Fourier Transform from Spatial to Wavelength Domain.

Applying this algorithm to real-time applications, where sample rates greater than five samples per second
(sps) are needed, has proven to be limiting as a result of the initial Fourier transform. For applications
requiring faster acquisition times, NASA Dryden has developed a method that yields acquisition speeds in
excess of 60 sps. Recent advances in processing schemes, both in hardware and software have increased
the sample rates of these systems to greater than 100 sps.
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Chapter 3-SYSTEM DEVELOPMENT

3.1 GROUND-BASED INTERROGATION SYSTEMS

A system for interrogating FBG sensors has been designed and implemented for both ground and flight data
acquisition applications. It has been designed to operate based upon a method first developed at NASA
Langley (Hampton, Virginia) using OFDR to interrogate multiple Bragg gratings multiplexed onto a single
fiber. [12, 13] This unique method allows for hundreds of Bragg sensors, spaced 1/2 in apart, to be located
on a single fiber. NASA Dryden has taken this technology, which existed only in the laboratory, and has
developed practical systems featuring compact size, robustness, and increased sample rates.

Ground-based systems (Figure 3-1) were developed initially to process fibers attached to sub-component
specimens tested within the Flight Loads Lab (FLL) located at NASA Dryden; specimens such as composite
and metallic panels, composite tubes, pressure vessels, a sub-scale simulated heat shield and the like. Several
laboratory generations of the system have yielded a relatively small, quick, multi-fiber design that has been
migrated to a flyable version.

)
@ Orpden Flighi
Ressan (=T

Figure 3-1: Ground-Based 4-Fiber Interrogation System.

3.2 FLIGHT-BASED INTERROGATION SYSTEMS

The flight version of the system has been designed to operate aboard NASA Dryden’s Ikhana aircraft,
which is a modified General Atomics Predator B (Figure 3-2). This system performs much the same way
as the ground version, featuring similar performance specifications while operating within the flight
conditions of this aircraft; which include vibration, low temperatures, and elevated altitudes.
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Figure 3-2: Flight 4-Fiber Interrogation System and Predator B Aircraft.

Throughout the remainder of this section, reference to “the system” will refer specifically to the flight
system unless called out otherwise. The components, discussed later, of both systems are identical with the
exception of the system enclosure. The flight system has a uniquely designed flight enclosure to satisfy
system component environmental specifications while operating within the Ikhana aircraft. The ground-
based system utilizes a Commercial-Off-The-Shelf (COTS) compact Peripheral Component Interconnect
(cPCI) enclosure.

Designing a flyable version of the ground system was considered when an opportunity surfaced on-board
NASA Dryden’s Predator B aircraft. The requirements of such a flight system would start with
the measurement of strain distribution along the leading and trailing edge of the 60 ft wing span.
Other requirements included a sample rate of 20 sps, +/-3500 microstrain, strain range, 4 fiber channels,
20 ft fiber sensing length, 30 Ib maximum weight, 28 Vdc operation, and Ethernet interface.
The environmental requirements were to meet NASA’s Curve A for sine wave vibration, -60°F to +110°F
operating temperature range, and altitude of 60 K ft (Figure 3-3a).

The sub-components that make up the system are as follows: c-band tunable laser, optical network,
Optical-to-Electrical (O/E) amplifier/converter, high speed Analog-to-Digital (A/D) converter, and host
CPU with large mass storage capacity (Figure 3-3b).
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Figure 3-3: Environmental Qualification Requirements and System Design for the Ikhana Flight System.

The tunable laser is a COTS available, swept class-C laser capable of greater than +8 dBm output power
and sweeps over a 30 nm range at speeds of up to 2000 nm/s. The laser can be used to interrogate lengths
up to 328 ft, which is its coherence length. The unit resides on the cPCI bus and is configured, controlled,
and monitored via the host cPCI processor.

The optical network and the O/E amplifier were designed to interrogate 4 sensor fibers each capable of
sensing approximately 20 ft of 1/2 in spaced Bragg gratings, yielding 480 gratings per fiber or 1920 gratings
per system. The O/E amplifier module combines negatively biased photodiodes with transimpedence
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amplifiers generating an electrical signal representative of the reflections from the Bragg gratings. The four
amplified electrical signals are sampled by a 25 MHz, 4-channel 12-bit A/D cPCI card then buffered into the
host CPU for data processing.

The host processor is an Intel-based Core Duo processor running at 2.1 GHz. The processor provides
control and management to the tunable laser and data acquisition control for digitized data from the A/D.
The processor also provides data processing and storage capability as well as data broadcast via the Ethernet
connection.

The processing software, which implements the Dryden method mentioned earlier, can be configured to
operate in 2 or 4 fiber mode. In the 4-fiber mode, the system can achieve sample rates of 30 sps, and while
in its 2-fiber mode, 60 sps. The software can be configured to operate stand-alone or be controlled by a
remote computer via the Ethernet connection. The system components were assembled within a 3/4 ATR
flight enclosure powered from 28 Vdc aircraft power. The final flight system had dimensions of 7.5 in. by
13 in. by 13 in. and weighted 23 Ib as shown in Figure 3-2.

As mentioned earlier, environmental testing was performed to qualify it to operate on-board Ikhana.
The system was subjected to multiple 8 g shocks and sinusoidal vibration of 1.1 g peak up to 500 Hz.
Elevated altitude testing of 60 K ft in conjunction with -60°F temperatures as well as elevated temperatures of
110°F to simulate the aircraft stationary on the tarmac, operating.
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Chapter 4 - SENSOR CHARACTERIZATION
AND ATTACHMENT

Prior to the collection of any practical strain measurement, an investigation must be undertaken to develop
and evaluate the attachment techniques used to bond the sensor to the requisite substrate. Early attempts at
bonding surface-mounted fiber optics sensors to structural surfaces began with a logical extension of strain
gage attachment methods developed over the past four or five decades. Past experience at Dryden with strain
gage attachment up to 2000°F was used as a general guide for the accurate characterization and reliable
attachment of FBG sensors. For high temperature applications, such as for aerodynamic and combustion
heated structures, initial attachment studies were conducted on monolithic titanium to minimize the
measurement uncertainty associated with an uncharacterized sensor with a complex material substrate.
Several different combinations of strain gage epoxy adhesives have been tested and evaluated with fiber
optic strain sensors. After several iterations, good agreement with conventional strain gages was obtained at
room temperature, 350°F, and 550°F. Additional studies on surface attachment and characterization of fiber
optic sensors are referenced. [14-18]

4.1 FBG TRANSVERSE SENSITIVITY

Similar to conventional strain gages, FBGs are considered to be intrinsic sensors, that is, the physical
transduction takes place within the medium itself. Conversely with extrinsic sensors, the measurement takes
place outside the sensing medium, most commonly in air (e.g. the Extrinsic Fabry Perot Interferometer,
or EFPI). For foil strain gages, the strain gage resistive element experiences a change in resistance due to the
strains produced in the structure to which the element is attached. Similarly, the Bragg grating sensor
experiences a change in wavelength due to strains that are transferred from the straining structure to the FBG
sensor. The implication of intrinsic measurements is that they possess an undesirable sensitivity to transverse
strains and temperature effects.

Ideally a strain sensor is only sensitive to strains along its primary axis and completely insensitive to
strains in all other directions. For this reason, the resistive strain gage has been designed to maximize
sensitivity to axial strains while minimizing sensitivity to transverse strains by geometrically increasing
the area of the end loops in its resistive grid, as described by a strain gage manufacturer. [15] Even with
these attempts at minimizing the error, the strain gage sensitivity to transverse strains is usually not zero.
However, the transverse sensitivity for both strain gages and FBGs is a systematic error and can be
successfully eliminated.

4.2 FBG TEMPERATURE SENSITIVITY

For conventional strain gages, temperature sensitivity is a non-trivial problem resulting in the publishing
of literally volumes of studies over the last 50 years to help cope with this phenomenon. These studies are
well beyond the scope of this present work — some are referenced, see [16]-18]. Although the methods
developed for conventional strain gages are by now well established and tractable, the temperature sensitivity
issue nevertheless represents an added complexity that must be dealt with to ensure that accurate strain
data are acquired.

Mechanical strain measured in a varying temperature environment can be corrected for temperature by
accounting for apparent strain, similarly as to what is done when using a single active foil strain gage.
Apparent strain is the strain component contributed to the expansion of the substrate material and the
thermal output of the FBG sensor itself (eq. (1)). The apparent strain correction curve is generated by
bonding the FBG strain sensors to an exact substrate material sample and heating slowly to the maximum
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test temperature (avoiding thermal stresses). The generated curve is then subtracted from indicated strains
as a function of temperature to derive applied true strain or thermal strains for stress analysis (eg. (2)).

€app = (asub + 5)51— 1)
&true = €ind ~ Sapp 2

In general, FBGs are sensitive to both temperature and strain effects simultaneously. Therefore to make
accurate temperature measurements with FBGs, the strain response from the structure must be separated
from the temperature response. FBG strain sensitivity is eliminated from the FBG measurement by
encasing the grating in a small tube and bonding the tube, usually made from polyimide, to the structure.
The tube effectively decouples the FBG from the structural strain and is therefore only sensitive to the
temperature environment. If the FBG tube is small and the thermal environment is sufficiently uniform,
the temperature difference between the bonded tube encasing the FBG and the substrate is usually
negligible. The resulting indicated output from the encapsulated FBG that is produced by thermal loading
is converted to engineering units of temperature using strain/temperature calibrated curves that are
generated in the laboratory.

Figure 4-1 illustrates the typical installation for measuring strain and temperature with both conventional and
fiber optic sensors. The figure shows a standard installation of a conventional strain gage, a conventional
spot-welded thermocouple, an FBG strain sensor, and an FBG temperature sensor (in a polyimide tube).

L 3 { ' Standard
Conventional ) ; FBG Bond &
Foil Strain ;

Gage

FBG in Tube for
Temperature

Figure 4-1: Typical Installation for Measuring Strain and Temperature.

Past work at NASA Dryden has included the installation of approximately 3,000 FBG strain sensors
located on six 20-ft optical fibers bonded to the upper wing surfaces of an existing Predator-B, named
Ikhana (Figure 4-2). These fibers were installed using conventional foil strain gage installation techniques.
Such conventional installation methods involved the masking of approximately 120-ft-long by 3/4 in-wide
runs on the upper wing surfaces, hand grinding the paint and filler down to the composite wing surface
along these runs, adhering the optical fibers to the surfaces using conventional foil strain gage adhesives
and procedures, sealing/aero-fare with class B-1/2 polysulfide polymer compound over the installation,
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and re-painting. Though this method was successful for the entire flight test program, it was obvious more
efficient installation methods would greatly enhance the practicality of covering large fuselage acreage or
long wing spans.

@

NASA Photo ED07-0287-08

Figure 4-2: Installation of FBG Fiber on Wing Upper Surface of Dryden’s Predator-B UAV.

To support future requirements for installing copious numbers of sensors in geometrically challenging sensor
arrays, new paradigms for sensor characterization and attachment are required. NASA Dryden has been
pursuing more efficient techniques for large-scale application of large number of sensors on the aircraft
surfaces. One promising technique involves combining these FBG networks into an integrated structural
health-monitoring package for installations on large-scale aerospace vehicle structures. As a first step in
achieving this overall goal, an integrated demonstration was initiated in which FBG strain sensors for usage
monitoring was integrated into a single package that significantly simplified current attachment techniques
for large-scale application. These first steps have been directed at measurement validation and addressing a
deficiency in bonding enormous number of fiber optic sensors to the surfaces of realistic structures using
conventional methods. Highlighted here are past methods used to apply fiber, and the work being done to
make the method of installing dense forms of instrumentation on aircraft more efficient.

4.3 ADVANCED SURFACE-MOUNTED INSTALLATION METHODS

As the next step towards the high-level goal of more efficient integrated installations, NASA Dryden
partnered with Acellent Technologies, Inc. (Sunnyvale, California) to develop innovative concepts and
approaches for the attachment of thousands of fiber optic sensors. These sensors were multiplexed along
dozens of optical fibers, arrayed in complex patterns (to accommodate rosette measurements) and bonded to
the surface of complex aerospace vehicle structures (e.g. lifting surfaces, fuselage, bulkheads). Initial work
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involved incorporating Acellent’s patented SMART Layer technology with FBG strain sensors and
validating strain and temperature measurements embedded in the polyimide layer or sheet. Side-by-side
fibers bonded using conventional methods, as on the Ikhana experiment, and fiber embedded in the SMART
Layer were compared . Combined thermal/mechanical cantilever bending tests confirmed no
undesired effects were induced by the polyimide layer and no effect to sensitivity, or gage factor, of the
gratings were detected in both tension and compression, and at room temperature or elevated temperatures of
300°F. [19] These SMART Layer sheets could now be upsized and attempts to co-bond the layer during
manufacture processes were initiated for larger scale test articles and aircraft wing or panel applications.

' Conventional Foil
. Strain Gage

“Cmart-Layer”
with FBEG"s

o ¢ ] ' Bond
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Figure 4-3: Typical Collocated Cross-Section with Conventionally Bonded FBG,
Conventional Foil Strain Gage, and FBG Incorporated into the SMART Layer.

Given that the SMART Layer had negligible effect on the measurement compared to conventional direct
bonds on the coupon level, the next goal was to address the applicability of the SMART layer for large-scale
realistic aircraft structures. Such structures have added complexity due to complicated geometries, numerous
egress ports for umbilical attachments, communications and power connections, fuel tank ports, actuator
housings, and structurally complex features such as stiffeners, flanges, gaps, and wing folds. These
geometric complexities make the extension of conventional approaches, such as those used on the Ikhana
flight experiment, for realistic aerospace structures especially difficult.

44 ADVANCED EMBEDDED INSTALLATION METHODS

Work has begun with composite manufacturers in co-bonding the SMART Layer during the fabrication
process. It is believed this method of a co-bonded surface installation will avoid typical problems encountered
when embedding the fiber at depth into the composite material itself. As mentioned earlier, embedded FBG
strain sensors are sensitive to transverse strain, which occur during tensile or compressive loading.
In addition, if the fiber is embedded, bending strain outputs would be reduced as a function of distance from
the neutral axis. Bonding on or near the surface of the structure not only eliminates these undesired traits, but
the polyimide SMART Layer will also provide added protection from incidental damage.

Overall, the SMART Layer has potential to help transform installation methods for future aircraft sensor
installations.
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Chapter 5 - ON-BOARD STRUCTURAL
TRANSFER FUNCTIONS

One of the most significant benefits of FOSS technologies and FBG-OFDR is the amenability for these
measurements to be used in conjunction with closed-form analytical equations. These so called data-driven
models, can use a multitude of highly multiplexed FBG measurements to accurately determine a variety of
engineering parameters in real time. Parameters such as wing shape, structural properties, externally applied
aerodynamic forces, mode-shapes, and fatigue life have proven very difficult to determine, especially in real-
time flight environment. Because these transfer functions are analytically- and not numerically based,
they provide exact solutions to partial differential equations and are therefore very accurate. This accuracy is
further ensured because the models are continuously updated in real time with the structure’s physical
response during flight. Furthermore, this approach is more amenable to real-time on-board processing
because these equations can be fed with actual in-flight data efficiently as compared to numerical methods,
such as finite-element models. Numerical finite-element approaches, which usually consist of thousands of
degrees of freedom and the mathematical inversion of large stiffness matrices, have proven too cumbersome
for real-time implementation. This section presents three of these data-driven on-board structural transfer
functions: wing shape, external loads, and fatigue life.

5.1 WING SHAPE

Wing shape transfer functions based on NASA Dryden patented technology [20] have been developed,
implemented, and flight validated. Two of these displacement methods are presented in the following
section.

5.1.1 NASA Dryden Real-Time Data-Driven Displacement Methods

Development of data-driven displacement methods for determining the deformed shape of structures was
motivated in 2003 by the Helios flying wing, which had a 247-ft wing span with wingtip deflections reaching
40 ft (Figure 5-1). The Helios flying wing (AeroVironment Inc., Monrovia, California) failed in midair in
June 2003 due to possible un-damped pitch oscillations of highly deformed wing. The Helios mishap
created the need to develop a new technology to determine in-flight deformed shapes of unmanned aircraft
wings and then visually display the results to ground-based pilots to ensure flight safety.
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NASA Photo ED01-0209-2

Figure 5-1: Helios UAV (AeroVironment Inc.).

Using a data-driven modeling approach, the structure deformed shape could be determined by feeding the
surface strains into real-time structural transfer functions for transforming the surface strains into
out-of-plane deflections and cross-sectional rotations for mapping out the overall deformed shapes of the
structure. [6, 21-23]

FBG-OFDR fiber optic strain sensors are the most attractive candidate to accurately and comprehensively
determine structural shape and are the most practical approach to input into the structural transfer functions.
The highly multiplexed sensor output is input at strain-sensing stations at desired sensing intervals.
The conventional strain gage system is impractical for flight vehicles because of excessive lead wire
weight. Another powerful characteristic of FBG-OFDR is that the strain-sensing station number can be
increased easily as needed using a single command without the need to actually install additional strain
sensors one by one as in the case of conventional strain gage system.

51.1.1 Theory

Displacement equations combined with the on-board fiber optic strain-sensing system form a new powerful
tool for in-flight deformed shape monitoring of flexible wings and tails, such as those often employed on
unmanned flight vehicles by the ground-based pilot for maintaining safe flights. In addition, the real-time
wing shape monitor could then be input to the aircraft control system for aero-elastic wing shape control.

51.1.2 Formulation

The formulation of the displacement transfer functions stemmed from the integrations of the beam curvature
equation (second order differential equation). An aircraft wing, considered as a cantilevered beam-like
structure was first discretized into multiple small domains so that beam depth and surface strain distributions
could be represented with piece-wise linear functions. This discretization approach enabled stepwise
integrations of the beam curvature equation in closed forms to yield slope and deflection equations for each
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domain in recursive formats. The final deflection equations in summation forms (called displacement
transfer functions), which contain no structural properties (such as bending stiffness), were then expressed in
terms of domain length, beam depth factor, and surface bending strains at the domain junctures. In fact,
the effect of the structural properties is contained in the surface strains.

5.1.1.3  Implementation

For flying wings, such as the Helios-class UAVS, the two-line strain-sensing system (Figure 5-2) is a
powerful method for simultaneously monitoring the bending and cross-sectional rotations. [23] The two-
line strain-sensing system eliminates the need for installing the shear strain sensors to measure the surface
distortions through which the wing structure cross-sectional rotations could be determined.
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Figure 5-2: Tapered Wing Box Instrumented with Two-Line Strain-Sensing System.

By averaging the front and rear deflections calculated from the displacement transfer functions using the
measured surface strains, torsion effect may be eliminated to yield the true bending deflections of the wing
structure. Also, the calculated front and rear deflections can be used to calculate wing structure cross-
sectional rotations due to torsion effect. Thus, the overall structure-deformed shapes can be mapped out
for visual displays before the ground pilots, thereby accomplishing the objective of in-flight wing structure
deformed shape sensing.

Recently, the NASA Dryden real-time displacement method was applied on a 175-ft span full-scale wing.
[24] FBG-OFDR-acquired strain measurements were input to the displacement transfer functions. Wing tip
displacements determined using the Dryden method were within +/- 2.7 in (out of 155-in max deflection) for
nearly all the load steps, indicating that the fiber optic-based displacement method can be relied upon to
accurately determine wing displacement on realistic structures using real-world measurements.

5.1.2 NASA LaRC/Dryden Displacement Theory

Although a very powerful tool, one of the drawbacks of the methods described above is the requirement to
transfer structural strains from a substrate structure, such as the aircraft wing, to the FBG sensing element in
order to calculate structural shape. Recent research has resulted in an alternative approach that can determine
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wing shape without the requirement to first transfer surface strains from the structure into the surface-
mounted FBG sensor. One of these developments is the fabrication of FBG sensors written inside a multi-
core fiber. Typical FBG sensors are written into a regular communication-based single mode fiber, which
has one narrow core (~8-um) that resides in the middle of the optical waveguide surrounded by a cladding
region. In a multi-core fiber, there are three individual cores; each core is 120 degrees apart (Figure 5-3a).
Each core supports a particular single mode, therefore acting as if three single mode fibers are bundled
together. By creating an algorithm that relates the cylindrical symmetry of the strain distribution, it is
theoretically possible to recreate the shape of the sensors. However, there were limitations that existed to the
technology. Multi-core fiber is considered to be a specialty fiber and therefore expensive. The multi-core
fiber is also difficult to manufacture. Fusing a multiple cores into a conventional single mode fiber is
challenging. Another aspect is that the prior-developed shape-sensing algorithm cannot recreate shape in real
time.

(a) 3 Core Fiber (b) 3SMFs Aligned in 120°

Figure 5-3: Three-Core Fiber and Three Single-Mode Fibers Arranged 120° Apart.

In recent years, NASA Langley has developed and patented a software algorithm that can distinguish shape
with respect to strain based on the three-core fiber concept. [25] However, a limitation of the methods was
that in order to demonstrate shape sensing, strain information of the smart-fiber first needed to be pre-
determined and calculated to obtain the desired shape. To overcome this limitation for real-time operation,
NASA Dryden collaborated and integrated NASA Langley’s software into the high-speed, real-time fiber
grating interrogation system. A demonstration apparatus, which consists of a hexagon rod with 3 faces,
120 degrees apart instrumented with three individual FBG sensors, is fabricated and demonstrated with
Langley’s algorithm. Results show shape sensing is possible and accurate for the bending of structures in all
directions. Knowing the strain value of each fiber, the three-dimensional position of the fiber can be
accurately rendered in real time.

The advantage of the three-core shape sensing is that it provides additional installation flexibility. Three
fibers can be bonded together as shown in Figure 5-3b, or they can be attached 120 degrees apart on a very
flexible structure, like a hose or cable. There is no requirement for the fiber to be mounted on a structural
component in order to calculate structural displacement. In addition, the derivative of the deforming
structure does not have to be unique (i.e. there can be hinges, wing folds, et cetera). The fiber shape can be
determined from the fiber deformation alone, without requiring a carrier structure to transfer strain to the
FBG sensors.

The three single-mode fiber approach has opened up new applications for aerospace vehicle monitoring
and control. Other sectors of society have benefited as well, such as the medical community. NASA
Dryden collaborated with a medical company to physically bundle three single-mode-fibers with FBGs,
where FBG sensors are spaced 1/2 in apart, into one single-fiber structure with a total diameter >300 um.
By utilizing the same algorithm, the shape of this smart-sensor can be accurately recreated from the strain
information. There are many potential applications to this shape sensing technology, from large-scale
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aerospace applications such as wing-shape monitoring all the way to medical applications such as
integration within robotically controlled cardio-catheters.

5.2 STRUCTURAL PROPERTIES AND EXTERNAL LOADS

In addition to wing and component shape, efficient real-time structural monitoring transfer functions have
been developed to provide extensive information about the physical response of structures under load. [26]
Similar to the previous examples, these transfer functions are driven by actual strain data to accurately
measure local strains at multiple locations on the surface of a structure. Through a single point load
calibration test, these structural strains are then used to calculate key physical properties of the structure at
each measurement location. Such properties include the structures flexural rigidity (the product of the
structures modulus of elasticity, E, and its moment of inertia, 1), and the section modulus (the moment of
inertia, I, divided by the structures half-depth, c, or 1/c). The resulting structural properties at each location
can be used to determine the structures bending moment, shear, and structural loads in real time while the
structure is in service.

The amount of structural information can be maximized through the use of highly multiplexed FBG
technology using OFDR. Since local strains are used as input to the transfer functions, this system serves
multiple purposes of measuring strains and displacements, as well as determining structural bending
moment, shear, and loads for assessing real-time structural health.

The method first requires that an aircraft wing, preferably instrumented with a high number of multiplexed
FBG sensors, be subjected to a simple point-load calibration test for bending and torsion. Using the classical
bending equation for a uniform beam, the structural properties of the wing structure can then be determined
at a multitude of locations along the wing span. For the simple flexure case, the section properties can be
determined by inputting the measured strains into equation (1).

P(I-iAl)

&

(ES) = (1)

These experimentally determined section properties from the as-built structure can be used for two
purposes. The properties can be input in finite-element analysis because these properties are far more
accurate than the properties normally assumed in finite-element models. These properties, together with
measured in-flight strains can also be used to determine bending, shear, and external loads in real time
during the flight. The external loads can then be used as feedback to adaptive control systems. Figure 5-4
shows an analytical demonstration of the method on a simple tapered wing, subjected to a distributed load
along its span. The forces calculated from computationally-generated strains obtained from the method are
shown in Figure 5-5.
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Figure 5-4: Finite-Element Model.
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Figure 5-5: Analytically Determined Loads.

53 FATIGUE LIFE

For flight vehicles, most of the failure critical, high stress concentration points are located in hard-to-reach
narrow regions where installments of conventional strain gages are practically impossible. FBG-OFDR
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system technology is ideal for this application because FBG sensors possess high spatial resolution and
can be conformed to fit the complex geometries in which critical stress points exist. The random stress
cycles monitored by the fiber optic sensors can then be fed into the Walker crack growth equation to
calculate the amount of crack growth induced by each flight. Based on the calculated crack growth,
an operational life equation can calculate the remaining operational life (number of flights left) for each
critical stress component. [27,28] A typical crack growth curve for B-52 pylon front hook (failure critical
component) is shown in Figure 5-6.
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Figure 5-6: Typical Crack Growth Curve for B-52 Pylon Front Hook.
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Chapter 6 - RECENT EXAMPLES OF
LARGE SCALE FOSS TESTING

6.1 NESC-COMPOSITE CREW MODULE STRUCTURAL TESTING

Dryden engineers successfully supported structural testing of the NASA Engineering Safety Center’s
(NESC’s) full-scale Composite Crew Module (CCM) located at NASA Langley Research Center in 2009
— 2010. By deploying NASA-developed fiber optic sensors along the various windows, and docking port
along the crew module; structural strains along these locations could be monitored in real time.
Each optical fiber contained hundreds of strain sensors, where each sensor had a spatial resolution of
0.5 in and were sampled at least 20 times per second. The high spatial resolution of fiber optic sensors
enabled strain mapping of geometrically complex regions throughout the CCM, where applying traditional
strain gauges becomes difficult. These fiber optic strain sensors monitored repeatedly internal pressure
loading test of the CCM in real time, with much faster strain-acquisition rate than commercially-available
systems. Figure 6-1 shows the DFRC interrogation unit and regions (in red) where FBG sensors were
located on the CCM test article. During structural testing, the crew module was subjected to internal
pressure at up to 200% of design limit and under induced strain load to simulate conditions at space and
re-entry via parachute deployment, respectively. Strain values observed from fiber optics sensors
correlated well with finite-element predictions under different conditions, within 5% difference between
predicted and measured values (Figure 6-2). The fiber sensors were also subjected to cyclic loads testing
of the CCM and gave consistent readings, with no effect of material fatigue. At the end of the test
program, the fiber optic sensors reliably measured strains during the ultimate CCM structure failure test,
accurately recorded the time of failure, and observed the propagating shock wave as a result. Despite the
high loads endured by the fiber sensors throughout testing, fiber optic sensing technology performed well
and returned valuable data to assist in post-test data analysis.

vy

Orpdn Fiight
e
&

Figure 6-1: Ground-Based Four-Fiber Interrogation System and NESC CCM Testing.
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Figure 6-2: Sample Real-Time Measurement Data (Left) of the Fiber Sensor versus Simulation
Result (Right) of the Left-Side Window of the CCM During Maximum Internal Pressure Load.
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6.2 IKHANA

In June 2003, the Helios Prototype Unpiloted Aerial Vehicle (UAV) experienced significant pitch instability
during low-altitude flight that lead to a catastrophic structural failure and in-flight break-up. One of the most
significant lessons learned from the mishap investigation was the need to provide real-time measurement of
wing dihedral to the test crew during flight (Thomas Noll, et al, “Investigation of the Helios Prototype
Aircraft Mishap Volume 1 Mishap Report”, NASA internal document, January 2004). A recent in-house
study assessed the viability of using conventional strain gage instrumentation, and demonstrated that the wire
weight alone represented a prohibitive weight penalty and was impractical to implement for many aerospace
vehicles. Alternatively, lightweight and low profile fiber optic wing shape sensors in conjunction with
computationally efficient transfer functions, were viewed as a promising approach to providing very accurate
wing measurement calculations for eventual input to the flight control system for aero elastic motion control.

Flight validation testing was conducted at NASA Dryden in 2008 — 2009. Approximately 3000 FBGs were
installed on the wings of NASA'’s Ikhana vehicle (Predator-B) shown in Figure 6-3. The FBGs were used
to sense the shape and monitor the stress of the Ikhana wings in real time throughout each mission.
Determining wing shape in real time serves as the first step toward achieving the important goal of
controlling the shape of subsonic fixed wing aircraft. The resulting capability also provided a practical
approach to accomplish structural health and loads monitoring during the experiment. Research tasks were
performed in the areas of algorithm development, system development, environmental qualification
testing, system/vehicle integration, sensor installation, ground test validation, and experiment integration.
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NASA Photo ED07-0287-03 NASA Photo ED07-0038-045

Figure 6-3: Ikhana UAV Vehicle with Sensors Installed (Left); in Flight Prior to Experiment (Right).

Research was accomplished toward the development and experimental validation of analytical strain-
to-displacement transfer functions. [6] These transfer functions were developed to obtain both in-plane strain
mapping and out-of-plane displacement measurements simultaneously for complex flexible structures,
such as the wings of the Ikhana and many other subsonic fixed wing aircraft.

The NASA Dryden designed FBG-OFDR system was developed, environmentally qualified, and integrated
in the avionics bay of the Ikhana vehicle, as depicted in Figure 6-4. This figure also shows the layout of
sensors installed for the flight experiment.

Fiber Bragg and strain gage systems Fiber Bragg system

Strain gage system
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Figure 6-4: FBG Sensor Layout.

6.2.1 Sensor Attachment

In addition to approximately 3000 FBG strain sensors, 16 strain gages were used to validate FBG strain
measurements. Eight conventional thermocouples were bonded to the upper wings of the vehicle and used
primarily for strain sensor error correction as described in Chapter 4.
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6.2.2 Ground Testing

Prior to flight testing, ground validation testing was conducted using Dryden’s high resolution/high speed
optical measurement system as the validation standard (Figure 6-5). The optical system utilized bar-coded
targets placed on the left wing and center fuselage at 10 measurement locations. Five load cases were
applied through the use of calibrated shot bags as shown in the figure. The maximum loads applied to the
wings were limited to 200 Ib, which produced displacements at the wing tips of only approximately 3 in.
Despite these small displacements, agreement between FBG and optical systems at the wing tip was 2.8%
and 4.8% for the two bending load cases.

NASA Photo ED08-0016-12

Figure 6-5: Ikhana Ground Testing.

From May until August 2008, 18 flight tests totaling 36 flight-hours were conducted on the Ikhana
vehicle. To our knowledge, these flight tests represented the first flight validation test of FBG strain and
wing shape sensing. Figure 6-6 shows a screen capture of a control room display showing the data
telemetered from the aircraft in real time. The figure shows a photo of the lkhana vehicle (a modified
Predator-B) with superimposed flight data. The yellow data are the 2000 FBG strain measurements from
wing tip to wing tip with FBG measurements located every 10 mm. The measurements are in micro strain
with the axis on the right. The strain values corresponding to the center fuselage on the airplane are not
real, but are FBG sensors on the optical fiber spooled in the fuselage on unsupported regions. The red data
are wing displacement measurements from wing tip to wing tip (with units on the left). These data and the
trace at the bottom of the figure were produced during a “pitch up pitch down” maneuver. The pilot
pushed down on the stick quickly, then quickly pulls up for several cycles. The bottom trace shows the
deflection of the wing tips during the maneuver. Overall, the FBG system performed well throughout
entire flight without any issues.
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Figure 6-6: Ikhana Flight-Test Data.

6.3 GLOBAL OBSERVER

6.3.1 Flight Testing

Following the successful flight validation testing of FBG sensor technology on the Ikhana, NASA Dryden
performed real-time strain sensing on AeroVironment’s Global Observer aircraft, a full-composite
Unmanned Aircraft Vehicle (UAV) capable of stratospheric flight (up to 65,000 ft) at long intervals (over
7 days) without landing or refuelling (Figure 6-7). Optical fibers with highly multiplexed FBG sensors
were installed throughout the left wing of the Global Observer for strain monitoring. In total, eight 40-ft
long fibers were installed along the front and aft wing portions of the left wing, as well as one fiber that
was installed on the fuselage of the aircraft to measure torsion of the fuselage. These eight fibers were
written with over 8,000 FBG sensors in total. Strain information was recorded in real time through
in-flight data acquisition system at 20 samples per second per sensor. Global Observer completed its
maiden-flight on August 5", 2010 with the FOSS system onboard and archiving data. The FOSS system
has performed well, monitoring the strain distribution along the leading and trailing edges of the upper and
lower surfaces of the aircraft’s left wing as well as on the aft fuselage, from take-off to mid-flight to
landing. There were 5 subsequent test flights for the Global Observer, and the FOSS system successfully
recorded the strain information for 4 of the 5 flights.
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Figure 6-7: Flight Interrogation Unit and the Global Observer UAV.

6.3.2 Wing-Load Testing

In addition to real-time flight testing, AeroViroment has partnered with NASA Dryden for wing-load
testing of both wings of a future Global Observer, to be built after the current flight-testing of GO-1.
These load tests occurred in July 2010 at NASA Dryden’s Flight Loads Laboratory. The purpose of the
wing-load test was to monitor the strain of the wing panels under load and to monitor the wing shape of
the panels using the NASA-patented wing shape algorithm. Eighteen fibers, each consisting of up-to 1000
FBG sensors, were bonded to the forward and aft portion of both wings as well as to the fuselage.
The ground-based fiber optic strain-sensing acquisition system is composed of three rack-mount units,
where each individual unit is capable of measuring 8 fiber channels simultaneously at 50 Hz per sensor per
fiber. The data from each system was then broadcasted to a server where all the data were recorded and
displayed in real time. If more than 24 channels were needed, acquisition units were easily added for more
robust measurements. In summary, the wing-load test composed of subjecting each wing panel to 100% of
design load in both positive load and negative load at various angles of attack. Structural response of the
wings was successfully quantified in the FBG-OFDR, photogrammetry, and traditional strain-gauge
systems at various locations. Post-data analysis verified that the FOSS measurement is in agreement with
traditional strain gages. [24]
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Chapter 7 - THE FUTURE OF FOSS
AND FBG-OFDR TECHNOLOGIES

The previous sections have highlighted research conducted at NASA Dryden to overcome some of the
technical barriers to large-scale implementation of FOSS technologies into aerospace vehicle design.
The need to overcome the cultural barriers to FOSS acceptance, as articulated in the Introduction, is more
critical now than ever before. Trends in the aerospace community towards ultra-lightweight, elastically
tailorable long-span structures that can competently fly at higher altitudes for longer durations are forcing
aircraft design into new realms without the underpinning of fundamental understanding of physical
phenomena. To achieve new mission requirements, Uninhabited Aerial Vehicle (UAV) designs are
converging on solutions with hundreds of feet of wing span, requiring the use of non-traditional engineering
materials, such as balsa wood and mylar. Thin gage materials cease to perform in a manner consistent with
handbook values that were determined with bulk materials. Decoupled, single discipline, linear design, and
analysis models are insufficient to address the complexity associated with the new challenges in aerospace
vehicle designs. These trends are also growing for transport and commercial aircraft designs with the
perennial goals of reducing weight, reducing fuel burn rates, increasing range, and payload capacity.

The benefits of FOSS technology and its potential to address these formidable challenges, make its acceptance
by the aerospace community that much more important. The prospect of dramatically improving the
measurement count-to-total sensor weight, or data-to-weight ratio has the potential to benefit the vehicle
management and operations from early design to final retirement. One recent in-house study estimates that
FBG sensors based on OFDR can provide 100 to 1000 times the number of conventional strain/temperature
measurements at 1/100 to 1/1000 of the total sensor weight, depending on the application. Conventional
technologies and business-as-usual cultural practices and methodologies must be overcome to realize the full
potential that the FOSS technologies offer.

To illustrate the potential game-changing benefits of FOSS technology, this section first presents the
notion of a vision vehicle. This vision vehicle could represent the state of the art for aircraft designs flying
in the next generation. Such a vehicle is first introduced and then the benefits of FOSS at each stage in the
vehicle life cycle are described.

7.1 THE FOSS VISION VEHICLE

A FOSS vision vehicle would be instrumented with large arrays of sensor networks analogous to biological
systems. These networks would be bonded primarily to the outer external surfaces of the vehicle using
efficient, large-scale attachment methods. Other sensors would be incorporated during fabrication on interior
structures and embedded within the composite laminate on key components. Comprehensive knowledge of
the flight vehicle airframe would be underpinned by a structured build up approach where FOSS sensors
would provide unparalleled feedback in all parts of ground test structures, from coupon to qualification unit.
Models at each stage of the structural test would be refined and updated by correlating with FOSS
measurements. In flight, hundreds of thousands of FBG sensors would provide a litany of measurands;
a sub-set of which would be used for feedback control and updating on-board simulations. Sensor mesh
densities on the vehicle airframe would be commensurate with the degrees of freedom present with detailed
finite-element models. These networks would be judiciously arrayed such that high spatially resolved sensor
meshes would exist in areas of non-uniform gradients and lower densities in larger acreage portions with
lower gradients. Sensor networks would be defined such that component strains/stresses in multiple
directions would be available to determine principal, normal, shear, and von Mises stresses/strains.
Mode shapes and buckling modes (eigenvectors) from elastic instabilities could be assessed, and if significant,
could be displayed to key personnel by an on-board Structural Health Monitoring System in real time.
If catastrophic failure was imminent, such information could be fed to appropriate on-board sub-system
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computers to mitigate failure without human intervention. Regions on the aircraft where damage was
suspected would be identified and automatically targeted for post-flight non-destructive evaluation and
condition-based maintenance.

This section shows how FBG-OFDR sensing technology supports the initial stages of structural design;
facilitates new advances in fabrication and manufacturing; reduces time, cost, and complexity of ground
test and evaluation; provides real-time structural monitoring capability during nominal and off-nominal
flight operations; improves maintenance turn-around times; and provides comprehensive vehicle life
predictions for end of life decisions.

7.2 DESIGN AND DEVELOPMENT

A vehicle with FOSS technologies flying in the future could look radically different and have pronounced
economic and military benefit than vehicles flying today. Many aspects of vehicle design and development
can benefit from FOSS technologies. One key benefit is providing a better fundamental understanding of the
complex behavior of future designs. Having high-spatial and temporal physical response feedback
throughout the development cycle (from ground test articles to flight structures) would ensure that such a
vehicle would have been designed with a better understanding of the fundamental physics that govern
such vehicles and the environments in which they fly. This profound understanding would produce
comprehensively validated multi-disciplinary physics-based models that will ensure the lightest and most
efficient designs possible. Benefits to these optimized tools would be enormous: they will save weight,
reduce fuel costs, minimize operating and maintenance costs, and improve overall vehicle performance.
Installing thousands of sensors on structural components in faster times and with less personnel would
ensure that vehicle development path from sub-component testing to first flight would have been faster and
less expensive. Efficient and accurate multi-disciplinary design tools would optimize design margins
approaching 1.0 such that excessive weight could be pulled from the vehicle structure. Structural design
uncertainty, which drives higher design margins, would be reduced by comprehensive structural feedback at
every step of the test program. This feedback would also identify areas where additional strength was
required due to under-designed regions, thus ensuring greater safety. These design and analysis tools would
have been validated throughout all phases of the structure development process, from the ground (coupons,
sub-components, qualification units, flight structures) through the flight envelope expansion process.

Another key benefit of FOSS designs is that in-service performance data can now be fedback to designers
who rarely have access to such data to validate their design assumptions. According to a Wall Street Journal
report, following the aftermath of a crash of an Alaskan Airlines MD-83 (McDonnell Douglas, now The
Boeing Company, Chicago, Illinois) off the coast of Southern California in January 2000, an independent
report addressing airline safety found in part that the validity of initial design assumptions was seldom
verified by comparison with databases of in service performance. [29] By providing finite-element-like
results with these experimental measurements, designers now can evaluate the efficacy of their structural
designs and improve their models. Compared to current structural designers, who rarely have more than a
handful of strain gage channels to assess structural performance of the entire vehicle, designers of the FOSS
vision vehicle have hundreds of thousands of hair-like sensors to validate their design assumptions.

Design tools for the FOSS vision vehicle would be based on a better understanding of the complex airframe
response to external environment forces. Current vehicle development efforts focus on building a specific
platform for a specific application rather than developing a thorough understanding of the fundamentals
associated with vehicle performance. Previous design tools based on linear structural analysis, linear-elastic
materials, linear control theory, linear and steady aerodynamic assumptions, and decoupled disciplinary
analyses are not acceptable to satisfy current and future aircraft design requirements. The lack of fundamental
knowledge of issues directly related to lighter weight designs inhibits fast and efficient development, and
safe operation of new UAVS. Such was the case with the in-flight breakup of the Helios UAV (Figure 7-1).
The mishap investigation board concluded that for these complex airframes, more accurate, multi-disciplinary,
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time domain design and analysis tools were essential for examining the effects of disturbances on the
behavior of highly flexible vehicles (Thomas Noll, et al, “Investigation of the Helios Prototype Aircraft
Mishap Volume 1 Mishap Report”, NASA internal document, January 2004).

NASA Photo ED01-0209-2 NASA Photo ED03-0180-03

Figure 7-1: Helios UAV at Take-Off (Left) and In-Flight Break-Up (Right).

The goal of reducing aircraft weight means that aircraft structures will inherently be more flexible, which
translates into greater risk of structural instabilities and adverse coupling between aerodynamic forces and
structural response. The fluid-structure interaction problem means that flight control laws must be more
robust and able to safely control the vehicle throughout its life. With these vast networks of hair-like sensors,
model validation can be accomplished comprehensively. In addition, traditionally crude design assumption
regarding gusts, unsteady aero, etc., can be better understood (i.e. yielding weight reductions) and can be
placed in regions previously not possible (within bolted joints, embedded within composite structure).
Embedded FBGs will increase the physical understanding of curing the process and material system
performance during the life of the structure.

7.3 FABRICATION AND SENSOR INSTALLATION

Structural sensors for the FOSS vision vehicle would be efficiently bonded to the vehicle surfaces in large
pre-packaged sheets (i.e. SMART Layer, as described in Section 4.3), either during, or immediately
following fabrication. These ultra-thin, plastic layers would contain integrated arrays of FBG sensor
networks as part of the overall integrated vehicle design. FBG sensor networks could also be embedded
with the composite airframe during the fabrication process. The sensor sheets could result in the
installation of thousands of sensors in a fraction of the time required for conventional and FBG sensors
today. These integrated packaged layers may also further minimize the already nearly negligible geometric
disturbances that the small fibers might cause.

7.4 GROUND TESTING

Despite the increasing complexity of future aircraft designs, the FOSS vision vehicle should be able to
achieve first flight in a fraction of the time it takes for current vehicle designs. Schedule reductions should
result from more efficient test techniques afforded by vast numbers of surface-mounted sensors operating
in conjunction with real-time structural models. New ground test techniques using fiber optic sensors have
the potential to reduce the test complexity and increase a greater understanding of physical response of the
airframe throughout ground testing.
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Figure 7-1 shows the complexity of current ground test techniques compared to the simplicity of ground
tests conducted with fiber optic sensor arrays. Figure 7-2 shows a typical strain gage loads calibration
being conducted on the Northrop Grumman (Falls Church, Virginia) E2C Hawkeye. These tests required
16 channels of load actuation to apply an array of mechanical loads in order to determine stiffness
coefficients for strain-gage-based loads equations. These equations are required to monitor the flight loads
produced on the airframe during a conventional flight research program. To monitor the flight loads,
dozens of strain gage channels had to be installed on the interior load bearing structures in the wing. Wing
skins had to be removed and strain gages and thermocouples had to be installed. Typical installation times
for foil strain gages are approximately 4 hours per gage.

NASA Photo EC04-0360-1192 NASA Photo ED08-0016-12

Figure 7-2: Traditional Strain Gage Loads Calibration Testing in NASA Dryden’s
Flight Loads Lab, and Simplified Tests for Determining Structural Properties
of as Built Structures and Real Time in Flight Loads.

The FOSS vision is to perform ground tests in fractions of the time, saving time at all phases of the test
program. During the instrumentation phase, a few fiber channels, each containing thousands of sensors can
be hooked up, checked out, and identified in much shorter time than with conventional strain and temperature
sensors. Conventional strain sensors require one channel per sensor. As shown previously, the number of
instrumentation channels is significantly reduced with a few small fibers.

The other advantage of FBG instrumented structures is that these sensors are small enough that they can
be installed at high-lift locations on the aircraft. Conventional strain gage technology is too massive and
perturbative to be placed in these high lift regions. Because of their small size, FBG sensors can also remain
on the structure throughout the vehicle life cycle, unlike other ground-test-specific instrumentation that
has to be removed prior to flight. Therefore, extra time is required before and after testing to both install
and remove instrumentation required for ground testing.

7.5 FLIGHT OPERATIONS

7.5.1 Nominal Flight

Perhaps the greatest benefit of the FOSS technology is realized when the FOSS vision vehicle performs its
mission in the actual flight environment. The efficient ultra-light airframe design, enabled by FOSS
technologies is now able to save hundreds of millions of dollars of fuel per year for the entire inventory of
FOSS vehicles in commercial and military fleets. The shape of the wings and tails of the vehicle are well
known and can be used in combination with the conventional control surfaces to more optimally tune the
wings in-flight to improve aerodynamic performance. Advances in actuator technology enable the
aeroelastic control of the aerodynamic surfaces to increase lift, reduce drag, and redistribute aerodynamic
loads to regions having greater load bearing capacity. A few percent increase in aerodynamic efficiency
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allows the FOSS vision vehicle to travel further and carry more cargo and passengers than previous
generations of aircraft designs. The ability to determine many real-time parameters opens up the prospect
for future vehicles to perform real-time simulations. Data driven simulations can be used to predict near-
term vehicle response to changes in flight environment, such as weather conditions. Real-time on-board
data driven simulations can also be used to update control laws for a variety of scenarios, such as loss of
control surface that might occur due to battle damage or lightening strikes.

The FOSS vision vehicle is equipped with a real-time health monitoring system that can provide thousands
of engineering parameters to monitor and manage vehicle health. FBG sensors can be placed on high-
pressure and extreme temperature tanks, hoses, and cables to monitor system health. These sensors can be
placed on and embedded within Composite Over-Wrapped Pressure Vessels (COPVs) to monitor the health
of these vessels and avoid stress rupture. The monitoring of COPVs is a current topic of a considerable
amount of research within NASA. Overloading of key structural components can be monitored and four-
dimensional mapping (three spatial-coordinates and time) will provide accurate assessment of system and
structural health. With the highly resolved mapping capability, the FOSS structures can pinpoint areas for
post-flight inspection. Condition-based, rather than time-based maintenance can now be better achieved.

7.5.2 Off-Nominal Flight

Another significant benefit to FOSS technologies is the ability for the FOSS vision vehicle to make real-
time adjustments to mission plans based on sensory feedback. On-board simulations can be performed and
models can be validated for sudden changes in aircraft performance due to control surface malfunction or
damage. Sudden changes in atmospheric conditions, such as increased turbulence and wind shear can be
addressed with FOSS-facilitated gust-alleviation techniques. With sensor networks on FOSS structures,
other unexpected and dramatic changes in external environment such as buffeting can be handled
effectively. In order to prevent elastic instabilities such as buckling and flutter, FOSS structures along with
advanced materials and actuators can effectively control mode shapes and buckled regions. By maintaining
orthogonal mode shapes to prevent off-diagonal interactions in the mode shapes, flutter can be suppressed
for FOSS vision vehicles of the future.

For other off-nominal flight conditions, FOSS technology also has the potential to avoid truly catastrophic
results of loss of life, loss of mission, and loss of assets. When aircraft systems suffer in-air emergencies,
having validated information is always indispensible in determining the most appropriate remediation
strategy. For missions in which assets are deployed for long periods of time, such as HALE missions and
space exploration, off-nominal emergencies can be difficult to overcome. Validated data from sensors
covering the vehicle with a few dozen fibers could prove to the difference between mission success and
failure.

7.6 END OF LIFE DECISION MAKING

Finally, at the later stages of aircraft service, the question remains as to how much longer an aircraft can
remain in service and safely fulfill its mission. As military and civilian budgets become smaller, military
and civilian aircraft are more commonly expected to be used well beyond their service lives. Sampath,
for example, notes that in 1993, 51 percent of U.S. Air Force inventory was 15 years and older, while
44 percent were over 20 years old. [30] The problem is further exacerbated by shrinking budgets that
require many of these aircraft to continue fleet service for years beyond their design life. The more these
vehicles fly beyond their design life, the higher maintenance costs become. The scheduled inspection and
repair of each EF-11A (General Dynamics, now the Lockheed Martin Corporation, Bethesda, Maryland)
aircraft in the depot had risen from 2200 hours in 1985, to 8000 hours in 1996. [30] The problem of aging
aircraft, similar to that of an aging family car, is that issues of maintenance and operational expense
become a serious budgetary concern. FOSS structures have been envisioned by many as the mechanism to
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help alleviate such problems. The ability to provide real-time continuous structural health management of
fleet aircraft and aerospace vehicles is envisioned to dramatically reduce operational and maintenance
costs, and thus allow these vehicles and structures to extend their service lives.

A clear example of the consequence of using aircraft beyond their safe life occurs when the U.S. Air Force
decommissions fleet aircraft. Agencies such as the U.S. Forest Service are able to retro fit these aircraft to
support their mission. With these conventional airframes, there is a serious lack of detailed knowledge to
accurately predict the remaining fatigue life in these structures. Figure 7-3 shows the in-flight catastrophe
of such an aircraft. This Forest Service aircraft experienced a catastrophic wing structure failure on this
C-130 (Lockheed Martin Corporation, Bethesda, Maryland) while performing a mission in 2002. The U.S.
Air Force placed the aircraft in service in 1957. Future FOSS airframes can be certified for future use
because they have the ability to use data driven models to facilitate end-of-service life decisions, such as
those discussed in earlier.

Figure 7-3: B52 Aircraft Boneyard (Left), and Video Capture
of an In-Flight Structural Failure of a C-130A (Right).
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Chapter 8 - CONCLUSIONS

This paper presented an overview of the research and technology development performed at NASA
Dryden in support of fiber optic sensory structures development. Merits and theory of FBG sensor
technology, as well as optical frequency domain reflectometry were presented to provide a fundamental
understanding of the technical benefits that can be realized by the aerospace community in placing FOSS
technology into service. FBG technology as implemented with an optical frequency domain reflectometry
can provide thousands of measurements with virtually no added weight. These sensors are lightweight,
about the size of a human hair, and can be multiplexed; thousands of sensors can be supported with a few
small fibers. The sensors are also small enough to be placed on the outer moldline of lifting surfaces
without negligible impact to flow field quality.

Both ground and flight systems have been developed and flight validated, FBG sensors have been
characterized and attachment methods have been developed. One of the powerful aspects of this new
sensor technology is that they can be used in conjunction with data driven structural transfer functions.
This approach opens up new areas of research by gaining a more comprehensive understanding of both the
internal loads obtained in response to the external forces that act upon FOSS airframes. Strain, temperature,
wing shape, structural displacements, external loads, structural and material properties, and fatigue life are
just a sampling of engineering parameters that can be accurately determined using these highly multiplexed
sensor systems.

Recent examples of large-scale application of FOSS technologies were presented. Such examples included
the strain and wing shape validation testing performed on NASAs Predator B UAV, called Ikhana. Large-
scale ground testing was also performed on NESCs CCM. FBG sensors were placed around the perimeter
of windows and the hatch to measure strain gradients around these regions. Ground and flight-test systems
have also been deployed on the Global Observer UAV and data acquired to validate aircraft designs.

Lastly, the future role and vision of FBG, OFDR, and FOSS technologies was explored to further
highlight the potential positive impact that these technologies can have in aerospace vehicle design.
Each phase of the vehicle life cycle was evaluated through the use of a FOSS vision vehicle of the future.
From vehicle concept to retirement, FOSS technology can increase fundamental understanding of aerospace
vehicle performance with virtually no penalty, and thereby reduce airframe weight, intelligently adapt to
both internal and external conditions, reduce costs, improve performance, increase range, and increase cargo
and passenger capacity.
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