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Abstract 
Composite materials have been in use for aerospace applications for more than two decades These materials 
exhibit the unique properties of high strength-to-weight ratio, high stiffness and corrosion resistance. Aircraft 
and spacecraft are typically weight sensitive and hence composite materials are well suited for these applications. 
Damage tolerant and fail-safe design of aerospace structures requires a substantial amount of inspection and 
maintenance adding significant amounts to their lifecycle cost. To detect and repair various structural damages 
that can occur during the service life of the aircraft, a thorough inspection schedule is implemented through 
conventional visual and Non Destructive Evaluation (NDE) methods. Such scheduled inspections lead to 
considerable increase in maintenance cost & down-time of the aircraft. The lifecycle cost of aircraft and 
aerospace structures can be reduced significantly if continuous and autonomous condition based structural health 
monitoring (SHM) systems can be integrated into their design.  

A structural health monitoring (SHM) system consisting of well-designed sensor networks incorporated in the 
structure along with necessary hardware and software can provide information about the structure, thereby 
leading to reporting of flaws or damages. 

This paper discusses about the online and offline approach of SHM system being developed at Advanced 
Composites Division of CSIR-NAL using fiber optic sensors. 

Keywords: Structural Health Monitoring (SHM), Fiber Optic Sensors, Artificial Neural Network (ANN), Barely 
Visible Impact Damage (BVID) 
 

1. Introduction 
Continuous growth of the air traffic in last few decades has generated the requirement of 
manufacturing low budget aircrafts without compromising on the safety issues. Composite 
materials are increasingly used in airframe structures owing to their high specific strength and 
stiffness, resistance to corrosion and possibility of structural tailoring. Composites offer the 
designer the flexibility of combining multiple smaller components into a single large 
component using co-curing technology. This is an attractive option as it eliminates the need 
for mechanically fastened subassemblies and the associated assembly time and cost. However, 
to reap the structural benefits, a proper bonding between skin and substructure should be 
assured throughout the service life of the aircraft. Foreign object damage (FOD) can lead to 
disbonding of the skin and stiffener interface without any visible evidence. Skin-stiffener 
disbond in composites is an area of concern among aircraft structural designers [1]. 
 
The complex nature of damages in composite structures necessitates periodic checking, which 
is usually carried out through visual inspection and ultrasonic NDE. These methods are 
sometimes limited by the inaccessibility of interior parts which may leave damages 
unidentified. Any solution, which continuously monitors the status of the structure and 
informs the concerned personnel, can lead to a timely and cost effective solution to this 
problem. In this regard, various aircraft industries and research labs are pursuing development 
of systems and methods for structural health monitoring of composite aircraft structures. 
Structural Health Monitoring (SHM) has been defined in the literature as the “acquisition, 
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validation and analysis of technical data to facilitate life-cycle management decisions” [2]. 
The use of SHM systems has the potential to provide greater confidence to the user on the 
integrity of the structure. 
 

1. Components of Structural Health Monitoring System 
Basic concept of SHM has been evolved essentially from the human system as shown in Fig. 
1. The basic idea of having an on-board SHM system is to make a structure intelligent akin to 
a human being [3-5].  
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Fig 1. SHM analogy for 
Human body and Structures 

Fig 2. Life cycle of SHM system 

 
Having structures equipped with an SHM system will enable the structure to inform the 
maintenance about its overall health based on the information gathered from the built-in 
sensors & processed by SHM algorithms. The life cycle of an SHM system is shown in Fig. 2 
[6]. The enabling components to realize an SHM system are detailed in the following sections.  
 
1.1 Structural Design & Analyses 
Monitoring an entire structure would prove to be very expensive and would probably never 
see the light of day. Hence, it is important that an SHM system development for an aircraft 
programme must be incorporated right from the structural design phase. Designing of an on-
board SHM system necessitates an optimization of sensor location on the aircraft structure, 
where strain needs to be monitored. This optimization should be arrived at after a detailed 
finite element (FE) analysis considering various types of damages which may occur during the 
entire life of aircraft; such as manufacturing process induced damages, damage occurring 
during the assembly, damages during the service life of aircraft. A damage threat perception 
analyses would be extremely important in this case which would result into the optimized 
sensor location. In case of already built-up structure the final sensor location may also include 
the service history information of the structure. This should also take into consideration of the 
manufacturing wherein embedment or surface bonding of sensors is plausible. 
 
1.2 Sensor Integration & Interrogation 
A robust SHM framework requires the installation of a distributed sensor network so that 
damage measurements can be made quickly and frequently without significant effort or 
expense. Sensor technology has matured enough to have highly sensitive, reliable and 
miniaturized strain sensors which can be embedded or surface bonded to the composite 
structure during/after the manufacturing. Several types of sensor networks are being 
investigated, including strains gauges, Piezo transducers and fiber optic sensors [8-15]. 
 
The sensor installation process is specific to the structure and manufacturing technology. 
Hence, this process needs to be developed so as to be incorporated at the shop floor level for 



large scale production of aircraft components. Ruggedized embedment schemes should ensure 
that the sensors survive for the life of structure. 
 
Sensor measurement is instrument specific and must cater to the operating and service 
environment within the aircraft. As large number of sensors can be installed on the structure, 
grid instrumentation schemes may also be adopted wherein each system will measure the 
sensor data from specific part of the aircraft.  
 
The data needs to be stored at the local level as well as in central processing computer thereby 
ensuring redundancy. It is also important to have synchronization of data storage with flight 
manoeuvres. This will not only ensure the efficient data management but also reduces the 
complexities in sensor data pre-processing prior to the use of SHM algorithms. 
 
1.3 SHM Methodologies & Algorithms 
The key to an effective SHM system for aircraft structures is not only the appropriate sensor 
selection and installation but also the processing of the sensor data to predict the flight load 
and the damages, if any. 
 
SHM algorithms are crucial elements in the implementation and operation of any damage 
identification system. The generic system requires the availability of appropriate signal 
processing technology to extract features from different types of sensors and use this 
information for diagnostics. The pre-processing, which filters out all unwanted features, is the 
first element of this chain. This pre-processing must involve basic signal processing 
techniques such as zero detection, down sampling, filtering etc. This is followed by various 
procedures for feature extraction and selection. It is important to isolate data features which 
are sensitive to damage and insensitive to the loading and operational conditions. This is the 
most difficult task in damage identification. Since data features are often combined in 
patterns, the entire process of damage identification can be considered as a pattern recognition 
procedure. 
 
In order to develop the SHM algorithms, various techniques, such as artificial neural networks 
(ANN), fuzzy logic, signal processing and genetic algorithms, have been looked into 
worldwide [16-19]. The outcome of having an on-board SHM system will provide valuable 
inputs to the maintenance personnel and aircraft designer. SHM technology would lead to a 
‘condition based maintenance’/‘maintenance on demand’ paradigm that would increase 
inspection intervals, leading to lower maintenance costs. SHM have a great impact on 
structural design that would result in lower weight, thus reducing fuel costs or increased 
payload. SHM would help in better fleet management leading to better resource utilization 
through its prognostic capabilities. 
 

3. Classification of Structural Health Monitoring System 
The above mentioned components of a SHM system and their respective maturity level, from 
their implementation point of view on an aircraft structure, classifies the SHM system into 
following broad categories namely (i) On-line SHM, (ii) Off-line SHM and (iii) Hybrid SHM 
system 
 
3.1 On-line SHM System 
An on-line SHM system; as the name suggests; requires the sensors to be the integral part of 
the structure. The necessary measurement system to acquire and store the sensors data would 
also be part of the on-board instrumentation. This necessitates the instrumentation to be 
qualified for the flight regime in terms of environmental screening specifications (ESS). The 



damage detection and load estimation algorithms may also become part of the onboard 
processing. 
 
The on-line SHM system will enforce the certification and approval of the previously 
discussed SHM system components namely sensor integration, measurement system and 
SHM algorithms from respective approving authorities. 
 
3.2 Off-line SHM System 
An off-line SHM system does not necessitate any of the SHM system components to become 
part of the structure. Non-Destructive Evaluation technologies for structural inspection is one 
of the best example for this category. 
 
3.3. Hybrid SHM System 
However as various components of a SHM system might not be at the same Technology 
Maturity Level simultaneously hence depending upon their readiness level, there could be a 
combination of these components wherein some of them could be either on-board or off-line. 
This type of system can be categorised as hybrid SHM system. 
 

4. SHM System Developmental Activities at Advanced Composites Division 
The group at Advanced Composites Division (ACD) in National Aerospace Laboratories 
(CSIR-NAL) has been pursuing the development of an aircraft SHM system using fiber optic 
sensors, that attempts to address above aspects. Fiber optic sensors have several advantages 
such as low weight, high sensitivity, immunity to electromagnetic interference, multiplexing 
capability, etc. The various aspects of SHM system development such as sensor 
characterisation, rugged embedment, sensor measurement system and algorithms for damage 
and load estimation, have been addressed. The technology has been demonstrated on ground 
using both quasi distributed Fiber Bragg Grating (FBG) sensors and fully distributed 
Rayleigh’s scattering based bare fiber optic sensors for ground test box structures. FBG 
technology has also been demonstrated at flight test level wherein the sensor measurement 
was carried out in real time and data processing for damage and load estimation has been done 
post flight test. In the hybrid SHM system approach, division has developed the technology 
using bare fiber optic sensors. In this case the sensors would be the integral part of the 
structure. However, the measurement would be done between the flights to assess the 
structural integrity. Further section of this paper discusses about the brief of these 
developmental activities. 
 

5. SHM System Development using Fiber Bragg Grating (FBG) Sensors 
This section of the paper focuses on the use of FBG sensors for SHM system development for 
both off-line and on-line demonstrations. 
 
FBG sensor relies on the narrowband reflection from a region having a periodic variation in 
the core refractive index. The shift in the reflected wavelength from the central wavelength of 
the FBG gives a direct measure of external perturbation. Necessary sensor characterisation 
studies have been carried out to determine strain and temperature sensitivity of the sensor. 
Rugged embedment schemes have been devised to sort out the ingress/egress issues ensure the 
sensor installation at shop floor environment. A novel sensor patch scheme was developed to 
ensure the quick and hassle free installation of the FBG sensors without affecting the existing 
manufacturing process, as shown in Figure 3.  
 



 
Fig 3. Sensor patch Embedment 

 
Various experimental tests such as Tensile, compression and ILSS tests at room temperature, 
with specimens having embedded optical fiber, were conducted to showcase that installation 
or embedment of these sensors does not degrade the structural properties.  
 
5.1 Test box studies using FBG sensors 
The principal types of damages in composites are - Failure of fibre bundles, matrix cracking, 
delaminations and de-bonding at joints. Delaminations have been thought of as critical to 
structural integrity. It is known that the delaminations have practically little effect on the 
tensile strength but the compressive strength is reduced. Various studies have shown that 
among the different damage modes in co-cured and co-bonded composite structures, the 
critical area of concern is the skin-stiffener debond/disbond.  
 
In order to addresses the issue of skin-stiffener debonds in composite structures and its effect 
on the strains, typical composite aircraft test boxes were fabricated with bolted, bonded and 
co-cured constructions. The first testbox for this purpose was fabricated with five spars and 
one central rib. Both top and bottom skins were fastened to the spars. In order to study the 
effect of disbonds of different lengths on strain patterns, the disbond was created by bolt 
removal studies. It has been shown experimentally that the proximity of the sensor location to 
the disbond is important to have a faithful detection of the disbond [6,20].  
 
Another testbox was further fabricated wherein the disbond was created by using a teflon 
insert at the time of secondary bonding of the spar with the top skin after manufacturing. 
Details of this composite box are shown in Figure 4 and Figure 5. The test box consists of top 
and bottom skins and three spars. Both top and bottom skins are stiffened with co-cured hat 
shaped stiffeners to eliminate buckling of skin during loading. The end spars are C-sections 
which are fastened to top and bottom skins. The middle spar is an I-section which is co-cured 
with the bottom skin and subsequently secondary bonded to the top skin. During this 
secondary bonding operation, a 200mm long disbond is deliberately created between top skin 
and middle spar using a Teflon insert. Subsequently, using a novel technique this disbond is 
‘closed’ in multiple phases allowing us to conduct tests for various disbond sizes until 
eventually the disbond is closed completely to obtain a ‘healthy’ structure. 
 

510mm

760mm

  
Fig 4. Model of the Composite Testbox Fig 5. Composite Testbox prior to asembly 

 
Three sizes of disbonds, which are 200mm, 150mm and 100mm length, were considered as 
part of this study. The disbond width of 90mm was constant for all the cases  
 



The location of the fiber optic sensors was decided based on strain distribution in the 
composite box obtained from numerical simulations and disbond location. The location of the 
FBG sensors in the top skin is shown in Figure 6. Numerical model of the box was validated 
through limited experimental tests on the testbox. Multiple loading scenarios (Figure 7), were 
considered during tests: (a) Up-bending case (Max Load 2870Kg), (b) Down-bending case 
(Max Load 1200Kg) & (c) Bending coupled with torsion case (Max Load 2400Kg).  
 

*not to scale
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Fig 6. Sensor layout on Composite Testbox Fig 7. Testbox Loading scenarios 
 
Each of this scenario was repeated for all three disbond sizes and finally on the healthy 
structure as well. FBG data was recorded using Micron Optics sm130 interrogator and sm041 
channel multiplexer. All sensors were recorded simultaneously at each load step for all 
loading schemes during the tests. Test data from 200mm disbond size case was considered for 
validating the numerical model. Figure 8 and 9 present the variation in strains on the top skin 
above mid-spar flange along the spanwise direction for 200mm disbond case for up bending, 
down bending respectively. These figures show that there is good correlation between test 
data and numerical results, giving confidence in the numerical model developed.  
 
Following validation, the numerical model was used to generate required data for training the 
Artificial Neural Network (ANN). In the present study, 26 different load cases and 4 different 
disbond sizes (i.e. 200mm, 150mm, 100mm and 50mm) were considered for generating 
training data from numerical model for different load cases. This training data set was divided 
so as to be handled by five networks to avoid the problem of over-fitting and leading to better 
generalization. Once trained, this set of five networks formed the damage and load estimator. 
 

  
Fig 8. Strain variation for Up bending Fig 9. Strain variation for Down bending 

 
When an unseen strain pattern is fed to the damage estimator, a pattern recognition algorithm 
determines the best ANN (out of the 5 networks) to be used for estimating disbond size, 
disbond location and total applied load. Figures 10 to 12 show the estimation of ANN for 200 
mm debond case. The study has validated for 150mm, 100 mm disbond cases also and found 
to be in good agreement. 
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Fig 10. Load Estimation Fig 11. Location Estimation Fig 12. Size Estimation 

 
5.2 Impact Detection studies using FBG sensors 
Detection of such impact events using strain response of the structure obtained during impact 
event is important for aerospace Structural Health Monitoring (SHM) applications. The 
impact event for SHM applications need to be informed in terms of the location and the 
resultant energy. Hardware and software triggered data acquisition schemes for the data 
acquisition and sensor network based on the directional strain sensitivity and operational 
safety were developed and implemented. In order to predict the location and estimate the 
impact energy, different algorithms were developed based on the strain profile acquired 
during the impact. Strain Amplitude, Strain Scan Based, Energy index based, Centroid based 
and Correlation based algorithms were developed for the location estimation and validated on 
structures with different level of structural complexity [21]. Support Vector Regression, 
System Identification based approaches are being developed and validated for the energy or 
force estimation and is validated through experiments on laminates and skin stringer panel. 
The performance index which is a measure of prediction accuracy as a function of number of 
sensors, dimension/area of the laminate and the maximum error, is also defined. Cumulative 
Distribution Function (CDF) which is a measure of confidence over estimation was defined 
for both laminates and skin-stringer panel. The CDF for the location estimations on laminates 
and skin stiffener panels are shown in Figure 13 and 14 below. 
 
It can be observed that, confidence of getting error of 70mm or less in any impact test is about 
90% for laminates and that of getting 73mm or less is about 90% for skin stringer panel. 
 

  
Fig 13. CDF for location estimation on laminates Fig 14. CFD for location estimation on panels 

 
5.3 Flight Test Results Using FBG Sensors 
In order to move towards a flight worthy SHM system, flight tests were conducted on 2-seater 
HANSA aircraft and Nishant UAV. In case of Nishant UAV FBG sensors were embedded in 
the booms and were measured during the flight. The data was recorded on the certified on-
board instrumentation. In-house developed software was used to estimate the flight loads post-
flight using the ANN methodology as explained earlier. Figure 15 shows the flight data 
alongwith estimated load. A flightdaya playback software QuickVIEW© was also developed 
to post process the FBG sensors data alongwith other flight parameters such as pitch, roll, 
engine speed, altitude level etc. to provide the flight status immediately after the landing 
(Figure 16) [22]. 
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Figure 15. Flight Test Results on UAV Fig 16. QuickVIEW© GUI 
 

6. SHM System Development using Plain Fiber Optic Sensors 
The quasi distributed sensing of FBG sensors picks up the strain signatures at unique points 
on the structure (e.g. along the center spar of the box under study). However, if the disbond is 
at other location along the spar then it may get missed. In order to overcome this problem, 
Rayleigh’s Scattering based fiber optic sensor was used. This section of the paper focuses on 
the use of bare/plain fiber optic cable as sensors for SHM system development for off-line 
demonstrations.  
 
In this case entire length of the fiber serves as the sensor. Luna Inc. ODiSi-B system was used 
to interrogate the sensor at every 5mm. This has resulted into the total of 2000 sensors on a 
fiber of length 10 meters. Necessary sensor characterisation studies were carried out to 
determine the strain and temperature sensitivities coefficients of the sensor [23].  
 
6.1 Testbox Studies Using Bare Fiber Optic Sensor 
The composite testbox which was fabricated for the FBG ground test studies as discussed 
previously, was used to study the use of bare fiber optic sensor for SHM application. 
However, as the top skin has already made healthy by closing the debond in a controlled 
manner during FBG sensor studies, hence the top skin has been debonded completely with the 
center spar and then fastened back. This has provided the option of studying the debonds of 
different lengths (26mm pitch between two consecutive fastener/bolts) along the center spar. 
The bare fiber optic sensor was bonded on the top side of the top skin as shown in Figure 17. 
To create a disbond of full flange width between center spar and top skin, a pair of adjacent 
bolts is removed – one from each row. 
 
Testbox was subjected to static tests in cantilever configuration. In order to estimate the load 
from developed strain, model based approach was followed. The model was built using the 
raw strain data acquired from the instrument. The structure was first loaded from 0 Kgf to 
1200Kgf (all bolts fastened) and strain data was recorded in steps of 200Kgf and the acquired 
data is segmented (taking only the line of interest; in this case the center line of the optical 
fiber between the bolts). By analysing the segmented data, it was conirmed that the slope of 
the strain vs. length plot is linearly proportional to the applied load. Based on this, a reference 
model is created with loads vs slopes for healthy signatures of different loads. Slope values 
are obtained by fitting a first order polynomial to each segmented data. Using this method, it 
was possible to estimate the load which matched well with applied load values. In addition to 
this Area based method (wherein area under the strain vs fiver length curve was used to 
generate the reference model) Support Vector Regression (SVR) method (wherein feature 
extraction of slope values, intercept values and area under the curve to create the model) was 
also developed for load estimation. Figure 18 shows the result of load estimation of these 
approaches w.r.t. actual applied load. 
 



  
Figure 17. Bare Fiber Layout on the testbox Fig 18. Load Estimation 

 
Damage detection algorithm is developed based on reference based method, where strain 
signature/profile is available for healthy structure (without any damage). This approach can be 
used to monitor a structure from its given state i.e., to find any changes in the structure with 
respect to original state of the structure. The flow diagram for Damage detection approach is 
show in Figure 19. 
 
Healthy strain signature along with respective load was recorded when all bolts are fastened. 
An experimental simulated disbond was created by removing bolts (in pair, on both sides of 
the fiber Refer Fig 17). Strain signatures were recorded in unhealthy case as well for 
respective load values during the static test of the box. The successive difference of strain 
signals obtained from difference of health reference signal and an unhealthy signal for a given 
load was determined. The Gaussian fit was obtained on the envelope of this successive 
difference strain signal along the length of the fiber, which provides the location and size of 
the disbond as shown in Figure 20. 
 

 

 
Fig 19. Bare Fiber Layout on the testbox Fig 20. Damage Estimation 

 
The disbond estimation approach was validated for both static and dynamic load cases and 
results obtained are shown in Figure 21 and 22. The end dotted lines in these figures shows 
the actual disbond length as per the bolts removal. The red dots in Figure 21 shows the 
disbond estimation for different load cases in case of static testing. The green line shows the 
disbond estimation under dynamic loading conditions. 
 
It can be observed from these figures that the estimated values for disbond size and location is 
matching well with the actual values for different load values and type of loading. 
 



  
Figure 21. Disbond estimation (Static Test) Fig 22. Disbond estimation (Dynamic Test) 

 

7. Conclusion & Future Scope of Work 
In order to have a fully qualified SHM system, it is important that the midway approach needs 
to be taken. This necessitates the inclusion of the sensor and measurement technology for 
FBG sensors to be adopted for the flight tests in order to collect the valuable flight data. 
Additionally, bare fiber optic sensors can also be installed onto the structure to assess the 
structural integrity information post flight. The data collected over period of time would be 
useful to develop the model based approach for damage and load estimation. However, it is 
equally important to look into the physics based approach for damage detection and load 
estimation. The flight data collected over period of time would prove to be extremely useful in 
this regard and would pave the way for fully qualified SHM system. 
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