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Abstract 

This paper describes progress towards the development and demonstration of a light weight, 
high-speed, and self-powered wireless fiber optic sensor (WiFOS™) structural health 
monitor system suitable for the onboard and in-flight unattended detection, localization, and 
classification of load, fatigue, and structural damage within the blades, rotor gears, and shafts 
of a helicopter rotor and to wirelessly transmit the acquired and processed sensor data from 
the rotating frame of the rotor to a remote wireless data-logger receiver/gateway located in 
the non-rotating frame of the rotor assembly. The compact WiFOS™ system is based on the 
use of monolithic photonic integrated circuit (PIC) microchip technology used to 
miniaturized and integrate all of the optical and optoelectronic components of the system 
within an environmentally durable hermetic packaged, integrated electronics with smart 
power management, on-board data processing, and wireless data transmission 
optoelectronics, and self-power using energy harvesting tools. The self-powered, wireless 
WiFOS™ system offers a versatile and powerful SHM tool to enhance the reliability and 
safety of avionics platforms, jet fighters, helicopters, and commercial aircraft that use 
lightweight composite material structures, by providing comprehensive information about the 
structural integrity of the structure from a large number of locations. 
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Introduction 

Today’s modern aircraft makes use of high percentages of advanced composite materials 
incorporated within flight critical primary structures. New commercial aircraft such as the 
Boeing 787, the AirBus A380, and military aircraft such as the B-2 stealth bomber, the F-22 
& F-35 advanced tactical fighters, the F-117A stealth fighter, the V-22 tilt-rotor, and the 
Chinook H53 class military helicopters make extensive usage of composites with over 50% of 
the airframe structure made of composite materials. With the expected global demand of over 
36,000 new airplanes over the next 20 years, [1] new aircraft structures must comply with strict 
fly requirements for durability and damage tolerance.  Flight, safety officials are concerned 
about the long-term viability of those composite materials, which are now being used in the 
aircraft's wings, blades, and fuselage. Of particular interest is the need for real time, minimally 
invasive, and wireless SHM tools for monitoring the structural behavior of moving structures 
such as those found in helicopter rotor structural elements, blades, gears, shaft, etc, that are 
constantly exposed to exceedingly high, safety critical, stress levels. The safety margins 
currently applied to helicopter rotor components greatly contribute to the cost of operating the 
helicopter. Hence, progressive use of health and usage monitoring systems (HUMS) for 
helicopters using innovative and advanced self-power and wireless SHM instrumentation for 
use in early warning fault detection and subsequent lifetime prediction are key for the reliable 
and safety operation of the helicopter while reducing operational costs. Self-power wireless 
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sensors eliminate costly and trouble prone wire harness installations allowing measurements 
in critical inaccessible locations such as the rotating parts of the helicopter without the need 
of complex and load heavy slip-ring wiring conduit connections. 
 
Our group is currently in the process of developing an innovative light weight, high-speed, 
and self-powered wireless fiber optic sensor (WiFOS™) structural health monitor system 
suitable for the onboard and in-flight unattended detection, localization, and classification of 
load, fatigue, and structural damage within the blades, rotor gears, and shafts of a helicopter 
rotor and to wirelessly transmit the acquired and processed sensor data from the rotating 
frame of the rotor to a remote wireless data-logger receiver/gateway located in the non-
rotating frame of the rotor assembly, as shown in Figure 1. The compact WiFOS™ system is 
based on the use of monolithic photonic integrated circuit (PIC) microchip technology used to 
miniaturized and integrate all of the optical and optoelectronic components of the system 
within an environmentally durable hermetic packaged, integrated electronics with smart 
power management, on-board data processing, and wireless data transmission optoelectronics, 
and self-power using energy harvesting tools. The self-powered, wireless WiFOS™ system 
offers a versatile and powerful SHM tool to enhance the reliability and safety of avionics 
platforms, jet fighters, helicopters, and commercial aircraft that use lightweight composite 
material structures, by providing comprehensive information about the structural integrity of 
the structure from a large number of minimally intrusive sensing locations. 
 

 
 

Figure 1. Light Weight, Self-Power, Wireless Fiber Optic Sensor (WiFOS™) System 
for the In-Flight Real Time Detection, Localization, and Classification of Fatigue 

Damage in Helicopter Rotors. 

Composite Materials in Helicopter Rotor Structures 
 
Composite materials like carbon fiber and plastics have been used in aircraft components for 
years now, but concerns have been raised that the composite structures that make up the 
wings, blades, and fuselage of aircraft are being tested against safety standards designed for 
planes with metal structures. Over time metal will bend, flex and stretch before failing, 
providing safety inspectors with telltale signs that repairs are needed before there's a serious 
problem. But composite materials behave differently, and officials are worried that inspectors 
simply don't know what signs might allude to impending structural failure. Even the risk 
factors of something as simple as a dent aren't fully understood at this point, and there are 
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further concerns that maintenance workers aren't properly equipped when it comes to 
repairing these materials. As a result, it has become apparent to aircraft safety, structural 
health, and maintenance engineers that a new generation of in-flight smart structural health 
monitoring techniques are necessary to develop an advanced capability to detect, localize, and 
classify damage in aircraft composite structures subject to representative loading and 
environmental fly conditions to fulfill the operational structural safety requirement objectives. 
 

    
 

 
 
 

Figure 2. Potential applications of wireless fiber optic sensor (WiFOS™) system for real 
time early stage condition monitoring and inspection, and failure prevention of modern 

composite aircraft structures. 
 

A critical design factor in the production and performance of modern helicopters is the use of 
composite material structures. Advanced composite materials are used in helicopters because 
of their high strength-to-weight ratio, and their superior damage tolerance and fatigue 
properties are also desirable. With their flexible production versatility and desirable 
mechanical properties composite materials can be found in numerous layers of a helicopter 
structure. From the seats and the engine bay door to the fuselage, blades, rotor components, 
and the tail-plane, composites form an integral part of helicopters and their design. However, 
the component whose performance and service-life has perhaps benefited most significantly 
from the use of these materials is the rotor blade. A promising aspect of composites is their 
anisotropy, which allows designers substantial freedom to tailor the stiffness properties of 
structures. Currently, rotor blade designs utilize the unique elastic tailoring of composites to 
improve aeroelastic response, to reduce vibratory loads, and to prolong fatigue life. A typical 
cross-section of the components of a composite rotor blade structure is illustrated in Figure 3 
below.  
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Figure 3. Cross-Sectional View of a Composite Rotor Blade Structure. [2] 
 
While composites provide many benefits to designers they also bring a host of new challenges 
to rotor blade design and production engineers. The design and manufacturing of composite 
structures exhibit various unique defects such as ply waviness in laminated materials, leading 
to the variability of sectional properties. Furthermore, the service loads of rotor blades are 
uncertain in reality. To compensate for the threat of uncertainty, a safety factor is set in the 
design process. The problem with the safety factor is that it cannot tell how safe the product 
will be in a specific loading condition. The loading and fatigue behavior of laminated 
materials is governed by many parameters. These parameters include fiber and matrix type, 
fiber volume fraction, fiber orientation, layer thickness, the number of layers, and the stacking 
sequence. Rotor blades made of such materials exhibit various competing fatigue modes such 
as delamination, fiber matrix debonding, fiber breakage, fiber pullout, and matrix cracking. In 
addition, fatigue life of laminated materials highly depends on fabrication methods and 
environmental factors. 

Self-Power, Wireless Fiber Optic SHM Sensors 

Fiber optic sensors are small, lightweight, reliable, and EMI insensitive. Aircraft engineers 
often need hundreds or thousands of sensors for each application. The leading fiber sensor 
technology used for structural health monitoring applications in aircraft is fiber Bragg-grating 
(FBG) sensor technology. Today, most fiber optic sensors for aerospace applications are used 
in ground tests and design. However, some aircraft are already flying with networks of fiber 
optic sensors on board. [3] The long-term vision is that all new aircraft will fly with distributed 
Fiber Bragg Grating (FBG) optical sensors.  FBG sensors offer a cost-effective and reliable 
technique suitable for use in avionics environments to provide high spatial resolution (> 1-cm) 
distributed sensing over short (few centimeters) and long (100’s of meters) of fiber length 
spans. Distributed FBG sensors can be surface mounted or embedded within the composite 
structure for the measurements of stress/strain, temperature, pressure, vibration, acceleration, 
acoustic emissions, and ultrasound. Because of its lightness, micron-size transducers, and 
immunity to electromagnetic interference, FBG sensors can be easily surfaced mounted, 
casted, or embedded on a composite or aluminum structure.  
 
The WIFOS™ system represents a new, innovative, and reliable solution for next generation 
self-power wireless fiber optic sensors applications for use in structural health monitoring, 
diagnosis and prognostics of commercial infrastructures. Its miniaturized package, self-power 
operation, state-of-the-art wireless data communications architecture, smart signal 
prognostics, and affordable price make it a very attractive solution for a large number of 
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SHM/NDT applications. Immediate SHM applications are found in rotorcraft and aircraft, 
ships, submarines, and in next generation weapon systems, and in commercial oil and 
petrochemical, aerospace industries, civil structures, power utilities, portable medical devices, 
and biotechnology, homeland security and a wide spectrum of other applications.  
 

The self-powered wireless WiFOS™ SHM system shown in Figure 4 is based on the 
integration of several of strategic technologies that include: 1) the use of miniature fiber 
Bragg grating (FBG) sensors sensitive to strain, temperature, pressure, vibration, acceleration 
and acoustic emissions, distributed over a single fiber at multiple locations of a helicopter 
rotor including the blades, yolk, gears, and shafts; 2) the use of an aircraft ready light-weight, 
no-moving-parts, self-powered, high-speed wireless data communication photonic integrated 
circuit (PIC) microchip transceiver unit used to interrogate, demodulate, and process the static 
(strain, temperature, and pressure) and dynamic (vibration, acceleration, and acoustic 
emissions) FBG sensor signals and to wirelessly transmit the FBG sensor data to a remote 
wireless data-logger receiver connected to the helicopter health and usage monitoring 
(HUMS) system using secure encrypted communication protocols; 3) the use of a long lived 
battery operated ultra-low power opto-electronics with build-in energy harvesting power 
management control for the self-power long term autonomous operation of the WiFOS™ 
sensor interrogation transceiver unit; and 4) the use of “smart” signal processing tools 
embedded within the ultra-low power microprocessor controller and flash memory of the 
WiFOS™ interrogation electronics, used for on-board data processing, reduction, 
compression, and storage, used to minimize power consumption associated with high data 
transmission loads and reliable data transmission for the real time identification, localization, 
and classification of load, fatigue, and potential structural damage of the helicopter rotor 
assembly.  
 

 
 

 
Figure 4. Light Weight, Self-Power, Wireless Fiber Optic Sensor (WiFOS™) System 

for the In-Flight Real Time Detection, Localization, and Classification of Fatigue 
Damage in Helicopter Rotors. 
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WiFOS™ system has many advantages for the SHM community.  These include: 

• Energy harvesting self-power WiFOS™ smart optoelectronics with micro-processor
controlled power management of the interrogator light source, battery, and on-board
energy harvesters (RF, piezoelectric, and/or photovoltaic) capable of the unattended
prolonged operation;

• Reliable and accurate wireless data transmission from a WiFOS™ transceiver unit
located in the moving frame of the rotor to a near by WiFOS™ data-logger receiver
located in the stationary frame of the rotor using low power wireless communication
protocols (Wi-Fi, ZigBee, or Bluetooth);

• Ultra-sensitive static and dynamic demodulation of the FBG sensor response over a
wide dynamic range (±4000-µstrains), and fast sampling frequencies (DC to 500-kHz)
suitable for the real time detection of load, fatigue, impacts, cracks, inclusions, and
delaminations of the rotor structural elements.

• Compact miniature package (2-in x 2-in x 4-in), lightweight (<500-gr), ultra-low
power (<500-mA), and autonomous operation for applications where weight, size, and
power are critical for operation;

• Automated manufacturing common in the semiconductor IC and telecommunications
components industries translate into a low cost device allowing the possibility of
deployment at multiple location of the spacecraft and habitat;

Performance Testing of Multi-Channel WIFOs™ System 

To test, validate, and demonstrate the performance of the self-power wireless WiFOS™ 
system, ROI assembled a test article using a 1.5-meter long graphite composite cantilever 
blade to simulate the vibration, solar energy, and thermal exposure environment of a 
helicopter rotor, as shown in Figure 4.  The graphite composite test article was instrumented 
with an array of six FBG sensors surface mounted on the plate to monitor using the WiFOS™ 
SHM system the vibration and structural health status (strain, vibration, and temperature) of 
the article under different environmental conditions.  Using the test article ROI was able to 
demonstrate the capability to generate vibration and light energy capable of generating in 
excess of 1066-mWs of power, and two thermoelectric generators positioned under the energy 
storage battery to generate power from the heat produced by the storage battery discharge and 
to solar exposure of the enclosure.  The WiFOS™ signal processing board integrates a low 
power (≤25-mA) ZigBee Tx/Rx transceiver that uses high bandwidth low power solutions 
such as ZigBee 802.15.4 to wirelessly transmit the process FBG sensor data to a remote data-
logger receiver and gateway system at sampling rates of 2.5-kHz/Ch for a six FBG sensor 
system. The package design of the WiFOS™ system enclosure was developed to incorporate 
cooling fins that cooled the energy harvesting module with the rotating motion of the 
helicopter rotor to maximize thermal heat transfer and generate maximum power of the TEG 
with thermal gradients of 10°C to 30°C capable of producing over 100-mWs of power. The 
total energy power generation of the WiFOS™ module was close to 1250-mWs capable of 
self-supporting supporting the power consumption of the WiFOS™ optoelectronics system to 
enable self-power operation of the wireless WiFOS SHM system. 
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Figure 5. A Rotor Blade Simulation Test Bed to Test the Performance of the Self-Power 
Wireless WiFOS System Prototype. 

The WiFOS™ signal processing board integrates a low power ZigBee Tx/Rx transceiver that 
uses high bandwidth low power solutions to wirelessly transmit the process FBG sensor data 
to a remote data-logger receiver and gateway system. Each of the WiFOS™ transceiver units, 
up to 12-units, each positioned within one of the helicopter blade structures establishes a 
secure data transmission communication protocol with the WiFOS gateway/receiver installed 
within the stationary phase of the helicopter rotor. The gateway receiver can support 
communication with up to 12 WiFOS™ units installed in the rotor to create mesh network 
communication architecture. The WiFOS™ data-logger receiver and gateway unit uses longer 
wireless transmission range protocols as well as standard analog, USB, and Ethernet 
communication to connect to the HUMS unit. The digital signal processor DSP of the WiFOS 
signal processing boards acquires the FBG sensor data process by the PIC microchip at 
relatively high sampling rates (≤ 40-kHz/Ch) and down converts the data using embedded 
algorithms to reduce it to the maximum data transmission frequency of the ZigBee transmitter 
≤ 2.5-kHz/Ch. The data transmitted by the WiFOS™ transceiver is wirelessly received by the 
gateway/receiver connected to a PC computer via TCP/IP (Ethernet) communication protocols 
to display the received data in real time. ROI was able to wirelessly transmit the FBG sensor 
data at 2.5-kHz/Ch for the six-channel WiFOS™ system to the PC control station 
incorporating a real time LabView graphical user interface.  Figure 5 shows the 
transceiver/receiver WiFOS™ prototype and the wirelessly received and process real time 
data from the simulated helicopter blade composite structure exposed to vibrational loads 
displaying the data acquired by each of the FBG sensors positioned at different locations 
along the length of the composite blade structure. 

Figure 6. Wireless communication interface of WiFOS™ SHM system using ZigBee 
transmitter/receiver 
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SUMMARY 

The results presented in this paper described on going work towards the development of an 
innovative light weight, high-speed, and self-powered wireless fiber optic sensor (WiFOS™) 
structural health monitor system suitable for the onboard and in-flight unattended detection, 
localization, and classification of load, fatigue, and structural damage in advanced composite 
materials commonly used in avionics and aerospace systems. The WiFOS™ system is based 
on ROI’s advancements on monolithic photonic integrated circuit microchip technology, 
integrated with smart power management, on-board data processing, wireless data 
transmission optoelectronics, and self-power using energy harvesting tools such as solar, 
vibration, thermoelectric, and magneto-electric.  
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