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ABSTRACT 

Structural Health Monitoring (SHM) is becoming an increasingly important tool for the maintenance, safety and 
integrity of aerospace structural systems.  Immune to electromagnetic interference, Fiber Bragg Grating (FBG) optical 
sensor matrices are light-weight and multiplexable, allowing many sensors on a single fiber to be integrated into smart 
structures.  Highly sensitive to minute strains, they can facilitate maximum SHM functionality, with minimum weight 
and size.  Consequently, these optical systems, in conjunction with advanced damage characterization algorithms, are 
expected to play an increasing role in extending the life and reducing costs of new generations of structures and 
airframes.  In this paper, we discuss the development of both hardware and algorithms to detect, locate and quantify 
delamination in composite laminated beam structures. We present an integrated SHM system including (a) the capability 
of interrogating over 50 FBG sensors simultaneously with sub-picometer resolution at over 50 kHz, (b) an FBG-
sensor/piezo-actuator matrix smart skin design and methodology, and (c) damage detection location and quantification 
algorithms based on mode shape or other relevant advanced algorithmic-based damage diagnosis and prognosis 
techniques. Comparison with other SHM systems (e.g., based on piezo-electric (PVDF) and Scanning Laser Vibrometer 
sensors) demonstrates better signal-to-noise and damage detection for our FBG system.  
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1 INTRODUCTION 
Structural health monitoring (SHM) is becoming increasingly important in the maintenance of safety and integrity of 
aerospace structural systems, and has significant potential in both future space exploration missions and in air 
transportation security. A robust and reliable nondestructive damage identification and assessment capability in such a 
monitoring system is essential to predictable maintenance and disaster avoidance. Undetected or untreated, damage may 
grow and lead to catastrophic structural failure. Damage can occur in many different forms, such as fatigue cracks, 
corrosion and dents in metals; delamination, disbonding and fiber breakage in composites; impact and battle damage. 
These damages can be originated from the strain/stress history of the material, imperfections or tooling impact in the 
manufacturing process. Damage can likewise develop during service life as wear and tear or under extraordinary 
circumstances, such as temperature cycling, impact of flying objects or ballistic impact in the battlefield. Early detection 
or monitoring is the key to preventing a catastrophic failure of structures, especially when these are expected to perform 
near their limit conditions. The increasing cost associated with maintaining and servicing structures has driven 
commercial and defense industries to look into methods for accurately assessing the presence and extent of damage in a 
system. Manufacturers as well as maintenance personnel have great needs significantly to improve safety and reliability 
while achieving lower inspection and maintenance costs.  

Development of a reliable monitoring system will prove a key part of future structural preventive maintenance programs, 
thus ensuring the safety and integrity of material, components and systems, ultimately enhancing the life of structures 
and the affordability of structural systems over their lifetime. The ultimate goal of SHM technology is development of 
autonomous systems for continuous monitoring, inspection and damage detection of structures with minimum labor 
involvement. The monitoring system will regularly acquire and analyze the response data, preferably while the structure 
is in service, and indicate the damage, as graphically illustrated in Figure 1. Conventional Non-Destructive Evaluation 
(NDE) techniques are deployed within the framework of SHM. However, despite newer developments in the fields of 
computer science and technology enhancing the capability and efficiency of these detection methods, it is still difficult to 
implement advanced methods for on-board, automatic, real-time, global health monitoring of aerospace structures. The 



 

 

difficulties and complexities involved motivate many researchers to develop alternative methods and systems to detect 
the existence of damages in a structure in order to evaluate the condition of that structure. 

 

 
 

Fig. 1. IFOS vision of Structural Health Monitoring (SHM) for (i) aerospace systems involving cryogenic fuel tanks and (ii) 
future commercial aircraft with matrix arrays of Fiber Bragg Grating (FBG) sensors (a) on the cryogenic tanks or 
wings and fuselage feeding data to an on-board data acquisition and processing system incorporating a powerful 
parallel processing FBG interrogator (b) and a SHM data processor (c). 

 

2 FIBER BRAGG GRATINGS (FBGS) FOR SHM 
Fiber Bragg Gratings have been established as an important sensor component for strain measurements in smart 
structures. This is chiefly due to their precision, resolution and reliability, tolerance of extreme conditions and immunity 
to RF electromagnetic interference. In many applications, arrays of FBG sensors along a single fiber at multiple 
locations are required to collect data samples at high speed with micro-strain resolution. However, traditional approaches 
to processing the optical signals may be either lacking in sampling rate speed or are cost-prohibitive, as the number of 
optical sensors increases. One of the recent objectives of Intelligent Fiber Optic Systems Corporation (IFOS) has been  
to identify an interrogation technique that is most suitable for supporting a larger number of FBG sensors (several 
hundred per fiber) at high speed (several MHz). 

The basic principle of a Fiber Bragg grating (FBG)-based system lies in the resonant frequency of the FBG. The Bragg 
wavelength is related to the refractive index of the material and the grating pitch. The spectral width defined by the 
passband of such a grating forms a channel, which will reflect a characteristic wavelength, allowing the remainder of the 
spectrum to go through with insignificant optical loss, as shown schematically in Fig. 2.  FBGs thus operate by acting as 
a wavelength selective filter that reflects a single wavelength, called the Bragg wavelength, λB. The Bragg wavelength is 
related to the grating pitch, Λ, and the mean refractive index of the core, n, by λB = 2Λn.  Both the fiber refractive index 
(n) and the grating pitch (Λ) vary with changes in pitch or temperature.  
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Fig. 2. Functional principle of a fiber optic Bragg grating. 

 
Fiber Bragg Grating (FBG) sensing systems are being deployed in a wide variety of applications for structural health 
monitoring. The potential of fiber optic sensors to deliver new and effective measurement in many applications is 
becoming clear. Development of such Fiber Optic Sensor (FOS) technology has been increased vastly, leading to many 
novel applications in various structures. Sensing capacities of the FOS’s, which include the ones to obtain information 
easily and process the information efficiently, determine the success of their applications. Advantages of fiber Bragg 
grating (FBG) based sensor have motivated implementation in the area of structural monitoring applications, such as 
monitoring or measuring strain, fracture, vibration or simultaneously sensing multiple parameters 1. These optical 
sensors are immune to electromagnetic interference (EMI) and hence exceptionally suitable to applications where EMI is 
a concern.  Moreover, these sensors are available in various sizes and can be conveniently embedded to the host 
structures without causing mechanical disturbances or defects. The ability of FBG sensors simultaneously to measure 
multiple locations, due to its wavelength division multiplexing capability, attracts much interests for research and 
development in the implementation of FBG sensors for damage detection and structural health monitoring 1-6. 

 

3 DAMAGE DETECTION 
Dynamic response-based damage detection offers a simple identification method with easy implementation. The basic 
assumptions of this technique are that the dynamic parameters such as natural frequencies, mode shapes, transfer 
functions, or response functions are themselves functions of the physical properties of the structures. Therefore, the 
changes in these dynamic characteristics can be used to locate and assess localized physical and structural damage.  

Vibration-based nondestructive evaluation is among the most common methods used to characterize damage in a 
structure. The underlying premise behind vibration based Non-Destructive Testing (NDT) techniques is to excite the 
structure and then monitor its resulting vibration characteristics to characterize the damage. The excitation forces the 
defect to open and close thereby allowing for easier detection as the structure transitions between these two states as 
opposed to continually being closed or open. Damage causes variation in the material properties (i.e., mass and/or 
stiffness), which in turn causes the natural frequencies of vibration to change. By comparing the current vibration 
response to that of a baseline “healthy” structure, it is possible to detect the presence of damage. The combination using 
of fiber optic sensing and piezoceramic actuation for simultaneous impedance-based structural health monitoring and 
vibration suppression has been presented in the literature 9-13. FBG sensing technology based on a built-in network of 
piezoelectric actuators and sensors are viable and cost-effective means of monitoring the structure condition and 
detecting damage while the structures are in service 7-8. The hybrid system can be used to perform quick non-
destructive evaluation and long-term health monitoring of aerospace vehicles and structures. The health monitoring 
system combines structurally integrated sensor network, signal processing instrumentation, and data interpretation 
software to allow real-time in-situ monitoring, early detection, and long term tracking of structural damages 14. With 
this system, the emerging concept of structural health monitoring can become a commercially viable option in structural 
engineering, allowing a new generation of safer, more reliable, and lower maintenance structures. The developed 
structural diagnostic system can permit quantitative characterization and event determination pertaining to aerospace 



 

 

structures in hostile service environments. More specifically, the hybrid system can potentially be used to perform, 1) In-
situ material property characterization, 2) Detect material and structural defects, 3) Detect damage including corrosion, 
4) Characterize load environments (fatigue, overload). 

The procedure for damage assessment is summarized in a diagram presented in Fig. 3. 
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Fig. 3. Damage detection procedure. 

We refer to [18] for details. The key points are as follows:- When damage is introduced in a structure, the bending 
stiffness at the location of the damage is reduced while at the same time the magnitude of the curvature modes increases. 
The absolute differences between the curvature modes of the intact and damaged structures are the highest in the region 
of the damage and negligibly small outside this region. Hence, the absolute curvature difference between the healthy and 
damaged structures for each mode can be used to identify damage location and represented as: 
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where "
iφ  or xx,iφ  is the ith curvature mode shapes; h and d denote healthy and damaged, respectively; and i and j denote 

the mode number and the measurement location, respectively. The curvature damage factor (CDF), Dj, is the summation 
of damage differences from each mode being evaluated. Based on the curvature difference values and CDFs, the location 
of damage in the structure can be identified.  

Once the damage is identified, for example at location xd, the magnitude of the damage at this location can be defined by 
using the damage magnitude difference of the modes, )x( dxx,iφ∆ , between the intact structure and the structure with 
damage. This damage magnitude or stiffness loss ε can be calculated using results in [18]. Since the frequency 
measurements at low frequency are sensitive to interferences, the damage magnitude prediction is calculated based on 
the curvature mode shape relationship. Provided the damage location xd is established, the damage magnitude in the form 
of stiffness loss can be defined as follows 
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where xx,iφ and xx,diφ are the measured curvature modes of the healthy and damaged beams at the ith mode, respectively.  

In some cases such as structures that are already in service for long period, data of healthy or undamaged structures are 
rarely available. These healthy data can be approximated by using a gapped-smoothing technique, where the basic 
assumption of the technique is that a mode shape of a healthy structure has a smooth surface 19. Using the mode shape 



 

 

data of damaged structure and interpolation technique with polynomial approximation, the smooth mode shape surfaces 
of healthy structure are estimated. For the beam structures, the undamaged curvature is approximated by using a variable 
polynomial to gap-smooth fit the measured data 
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where the Cj is the coefficients calculated by using curve-fitting. 

 

4 EXPERIMENTAL STUDY 
The experimental study includes specimen preparation (i.e., specimen manufacturing and sensor placement), vibration 
testing set-up and dynamic response measurement. 

4.1 Specimen Preparation  
The composite specimen used in this study was fabricated using vacuum bagging process. It was made of E-glass fiber 
and epoxy resins and has a [CSM/0(90/0)3]S lay-up for a total of 16 layers as shown in Fig. 4. UM 1208 (CSM + 
Unidirectional) stitched combo layer has a thickness of approximately 0.49 mm (0.0189 in.) for unidirectional ply and 
0.23 mm (0.0087 in.) for CSM ply. The thickness of C1800 is 0.28 mm/ply (0.0117 in.) and 0.56 mm/mat (0.0220 in.). 
The 16 layers lead to a total composite thickness of 4.8 mm (0.189 in.). A composite plate was first fabricated, and it is 
later cut into several beam samples with dimensions of 0.0508 m (2 in.) wide and 0.6096 m (24 in.) long as shown in 
Fig. 5. The length of the beam for cantilevered condition is 0.5588 m (22 in.). Fig. 6 shows the picture of the beam 
specimen with delamination.  
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Fig. 5. Dimension of beam specimens. 
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Fig. 4. Lay-up of composite 

samples. 
 

Fig. 6. Beam sample with delamination. 

A defect or damage in the form of delamination is used to demonstrate the proposed health monitoring method. The 
delamination was introduced in the beam by inserting a Teflon film between the second and third layer of the composite 
laminate during the manufacturing process. After the curing, the Teflon film is pulled out leaving a debonded area 
(delamination) in the beam sample between the second and third layers. In this study, the delamination is approximately 
50.8 mm (2 in.) in length located at 0.3810 m (15 in.) from the cantilevered end.  

The FBG sensors are bonded carefully to the composite beam using epoxy glue at 16 FBG measurement locations with 
equal distance (see Fig. 7b). The delamination is located between the sensors 11 and 13, with sensor 12 is in the middle 
of delamination. The shrinkage of the sensors after bonding is examined to ensure that the wavelength of each sensor 
after bonding does not fall out of the wavelength range of the interrogation module. The wavelength of each sensor is 
calibrated before the bonding and then is measured again after the epoxy completely cured and dry. Comparison between 
the wavelength measurements of before and after bonding shows that the shrinkage of the sensors due to bonding only 
causes shift of the wavelength less than 1 nm. Hence, the measured signals are still in the range of the interrogation 
module and do not cause saturation. 



 

 

4.2 Experimental Set-up and Measurement 
The beam specimen is tested in a cantilevered configuration (see Fig. 7a)). The vibration testing is performed to measure 
the strain distribution of the beam structure, from which the curvature shapes are constructed. The time domain data 
from the FBG interrogation system is subsequently transformed and processed to obtain the frequencies and mode 
shapes of the cantilever beam. The beam is excited by using a PZT actuator for up to 400 Hz (Fig. 7c)) to capture the 
first four mode shapes. Then, the measured time domain data are transformed to frequency domain data using MATLAB 
routine and prepared in the format suitable for the ME’scope modal analysis software. The obtained frequencies and 
frequency response functions from FBG system are then compared with the measurement results using other sensor 
systems, i.e., the piezoelectric (PVDF) films (which are also strain-based measurement sensors) and the displacement-
based scanning laser vibrometer (SLV) system. 

 

      
(b) FBG sensors bonded to the surface of the beam 

 
(a) Cantilevered composite beam 

 
 (c) PZT actuator bonded at the root of the beam 

Fig. 7. Picture of composite beam with installed FBG sensors and PZT actuator 

Preliminary results of the experimental measurement and comparison with other sensor systems demonstrate the 
capability of the FBG sensors as a dynamic strain measurement device for structural health monitoring purpose. The first 
four modes of measured frequencies obtained from three different sensor systems are listed in Table 1. Comparison of 
the frequency response function (FRFs) obtained from the measured data are presented in Fig. 8. The measured 
frequencies and obtained FRFs from different sensors (i.e., FBG, PVDF and SLV systems) are very close and similar. 
The minor difference of frequencies in Table 1 may be caused by the clamping conditions in the cantilever beam, as it 
was installed at the different time for the three respective sensor systems. As shown in Fig. 8 at lower frequency, the 
FBG has better signal to noise ratio than the PVDF films due to the EMI insensitive property of the sensor. This 
advantage will be very useful for monitoring application where electrical interference may be significant. The FRF 
obtained from the FBG sensor and the corresponding coherence are also shown in Fig. 9, and the smooth FRFs indicates 
high signal to noise ratio (SNR) and good input/output coherence demonstrates the high resolution measurement of the 
FBG sensor and interrogation system.  

Table 1 Measured natural frequencies from different sensors (first 4 modes). 

Measured frequency, Hz Mode 

FBG SLV PVDF 

1 9.16 9.38 7.81 

2 57.34 58.13 54.69 

3 162.6 165.1 168.8 

4 312.4 316.7 320.3 
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Fig. 8. Frequency response function comparison 

 
Fig. 9. Frequency response function from FBG and coherence. 

 

4.3 Data processing and analysis 
Data processing and analysis activity consists of two parts, i.e., modal analysis and data reduction to estimate location 
and quantity of damage based on the algorithm developed by two of the authors in [18]. 



 

 

4.3.1 Modal Analysis 
After transformation into frequency domain data, the frequency response functions measured from each sensor were 
arranged into the input format for the ME’scope modal analysis. The obtained modal parameter, i.e., frequencies and 
curvature mode shapes, are presented in Table 2 and Fig. 10, respectively. 

Table 2 Natural frequencies obtained from modal analysis 

Mode Frequency, Hz 

1 9.16 

2 57.34 

3 162.55 

4 312.43 
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(a) first mode 
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(b) second mode 
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(c) third mode 
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(d) fourth mode 

Fig. 10. Curvature mode shapes of cantilevered composite beam from FBG data. 

4.3.2 Damage Estimation 
Curvature mode shapes of healthy/undamaged beam are estimated based on the measured curvature mode shapes 
presented in Fig. 10. Curvature mode shapes of cantilevered composite beam from FBG data.. Curvature damage 
differences of each mode and the curvature damage factor, D, are then calculated based on Eqs. 1(a) and 1(b), 
respectively. The results of estimated healthy curvature mode shapes are presented in Fig. 11 in comparison with the 
measured curvature mode shaped of damaged beam and along side the curvature damage differences of each mode are 
presented as well. Fig. 12 shows the curvature damage factor distribution along the beam length, computed using Eq. 
1(b). 
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(a) the first curvature mode shapes 
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(b) curvature difference in the first mode 
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(c) the second curvature mode shapes 
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(d) curvature difference in the second mode 
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(e) the third curvature mode shapes 
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(f) curvature difference in the third mode 
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(g) the fourth curvature mode shapes 
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 (h) curvature difference in the fourth mode 

 

Fig. 11. Estimated healthy curvature mode shapes of cantilevered composite beam and curvature damage difference from 
FBG data. 

Results for the first mode show a lot of undulation near the base of the beam; hence, it is not further considered in the 
calculation for identifying the damage. An obvious dent at the peak of the curvature wave of the third mode shapes 
(location 12) indicates possible location of damage in the beam Fig. 11e. This deduction is supported by the presence of 
significant variation in curvature mode shapes of the second and fourth modes. Consequently, the curvature difference 
from the three modes has a considerable value at location 12, especially from the third modes, where the location of the 
damage is at the peak of the curvature wave. However, a significant curvature difference of the fourth mode at location 9 
may be misinterpreted as location of the damage as well. In this case, the curvature fitting process to estimate the healthy 
curvature mode shapes had difficulty to fit one wave that rise sharply more than the others. Ignoring this phenomenon in 
the curvature damage factor graph (Fig. 12), the damage location can be confidently identified between locations 11 and 
12. 



 

 

Once the damage location is identified using the curvature damage difference (see Fig. 11(f) of the third mode curvature 
shape or Fig. 12) of the curvature damage factor), the quantification of damage is calculated. The estimated stiffness 
losses at the area of damage are listed in Table 3. The estimation for stiffness loss is at best when the location of the 
damage is around the peak of the wave of the curvature mode shape, which in this case is the third mode (see Fig. 11(f)). 
Estimation based on the fourth mode produces very small stiffness loss due to the fact that the delamination is located 
near the nodal point. Hence, this estimation can be discarded. Thus, the stiffness loss of 21% (see Table 3) at sensor 
location 12 based on the third curvature mode shape (Fig. 10(e)) or curvature damage difference (Fig. 10(f)) can be 
regarded as a quantitative way of quantifying the delamination damage.  
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Fig. 12. Curvature damage factor 

 

 
Table 3. Damage location and stiffness loss estimation. 

Mode Damage location Stiffness loss, ε 

1 n/a n/a 

2 12 5.6 % 

3 12 21 % 

4 11, 12 0.3 %  
 

 

We have made very encouraging progress towards developing an effective and robust damage assessment technique 
using the high-speed Fiber-optic Bragg grating (FBG) interrogation system developed by IFOS, eventually evolving this 
to an on-line SHM system with particular emphasis on monitoring of aerospace structures. Qiao and Lestari had already 
established the potential of dynamics-based detection techniques using smart piezoelectric materials for identifying the 
presence and location of damage [2-3]. The challenge of utilizing the fiber-optic Bragg grating sensor system to measure 
dynamic response of the structures and establish the SHM algorithms is being investigated and addressed further. A 
combined experimental and analytical/numerical approach was used to develop the basis for a rapid and robust 
dynamics-based SHM system around IFOS’ high-speed FBG interrogation systems. 

 

5 CONCLUSIONS 
In the work reported in this paper, we successfully developed and implemented the laboratory setup and demonstrated 
the feasibility of an effective and robust damage assessment technique using a high-speed FBG interrogation system 
developed by IFOS. In parallel, IFOS has investigated interrogation techniques based on scanning (AOTF) and parallel 



 

 

processing (AWGs), and concluded that the approach using parallel processing has more potential for SHM applications. 
Parallel processing can provide simultaneous measurements from a large number of sensors along a single fiber. The 
simultaneity preserves phase relationship among sensors (an important factor in the wave arrival algorithmic analysis of 
defect location and size), which the tunable approach cannot accomplish. This approach could extend our damage 
assessment technique to much higher speeds (several MHz) and potentially allow us to construct an interrogator system 
to support more than 800 FBG sensors in a single fiber using Wavelength Division Multiplexing (WDM). With N fibers, 
matrix arrays of 800 x N sensors could be addressed. 

We found that FBG sensors are superior to their electronic counterparts for the application and demonstrated our 
photonic parallel spectral processor interrogator, capable of sub-picometer measurand-induced (strain etc.) wavelength 
shifts at high speeds (5 kHz).  Measured data from vibration testing with FBG sensors shows very good agreement with 
the results based on other sensor systems (i.e., PVDF and SLV).  At low frequency, the FBG has better signal to noise 
ratio (SNR) than the PVDF films due to the EMI insensitive nature of the sensor. This advantage will be very useful for 
monitoring application where the presence of electrical interference is significant, such as within a radome space. 
Compared to the displacement-based SLV measurement, the strains acquired from the surface bonded FBG sensors can 
be directly treated as curvatures of vibrated beams, thus eliminating the further data reduction from the displacement 
mode shapes and offering the simplicity of damage detection approach.  

The quality of the measured data from each sensor is very important for successful damage estimation. While the FBG 
sensors in general have high SNR, good synchronization in recording the excitation and measured signal of each sensor 
are essential to produce reliable modal analysis results.  

A damage detection procedure has been developed, implemented and validated initially in the context of a 1D structure.  
The damage location is confidently estimated based on obtained curvature mode shapes. The best estimation of stiffness 
loss is achieved by using the curvature mode shapes, which have a wave peak at the location of the damage. In this case, 
it is the third curvature mode shape. 

In summary, the FBG sensor matrices (in this preliminary work as a line of 16 FBG sensors) together with the IFOS 
interrogation system provide high resolution measurements of dynamic response (e.g., FRFs and curvature mode 
shapes), and in combination with the proposed active perturbation-based damage detection technique, the system 
successfully locates and quantifies the delamination damage in the composite sample.  It demonstrates that the FBG-
measured curvature mode shapes can be used as an effective and valid approach to locate and quantify the damage in 
composite structures.  
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