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Abstract 

 

The authors have been developing an impact damage detection system based on optical 

fiber Bragg grating (FBG) sensors for composite airframe structures. The objective of 

this development is to predict the best maintenance timing to minimize unexpected 

delays and lost opportunities of aircraft operations. The system has already 

demonstrated the required durability against various environments and impact detection 

capabilities through sub-structure tests using impactors made of various materials and a 

blunt object test which represents the bumper of ground support equipment (GSE). The 

system development is gearing up to meet requirements for onboard equipment and to 

apply for the joint flight demonstration test opportunities. 

 

 

1.  Introduction 
 

Recent advances in information technology are opening the door to more efficient 

approach of ensuring the safety of aircraft. The condition based maintenance (CBM) 

allows aircraft operators to maintain the system hardware at exactly the right time, 

based on the system information collected automatically. The CBM has contributed to 

the significant reduction of the system maintenance cost, but is yet to be applied to the 

aircraft structure maintenance. 

Structural health monitoring (SHM) is expected to be the key enabler to change the 

maintenance method from hard-time maintenance to the anticipated aircraft structure 

CBM. The goal is to predict the best maintenance timing to minimize unexpected delays 

and lost opportunities. 

Key technologies, such as optical fiber sensor measurement, high-rate data acquisition 

and analysis capabilities, provide new solutions such as the optical fiber based SHM 

system studied by authors. In this system, the FBG sensors installed in structures detect 

anomalies that are assessed to trigger or replace detailed inspections. 

This paper introduces the latest achievement on the optical fiber sensor based SHM 

system. 
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2.  System overview 
 

The impact detection system developed by Kawasaki Heavy Industries [1-2] utilizes the 

FBG sensors installed in the airframe as overviewed in Figures 1 through 3. The FBG 

sensors realize a light-weight sensor network that covers the large area of aircraft 

structures. 

The system measures Bragg wavelengths of the light reflected by the FBG sensors. The 

Bragg wavelength change is proportional to the strain, which makes it possible to 

calculate the strains at sensor locations. The strain change indicates the impact event 

and the damage level, and the comparison of strain responses identifies the impact 

location. The sampling rate of the system should be high enough to detect the impact. 

The system can be applicable to the primary structure, door surround, and secondary 

parts of aircraft as summarized in Table 1. 

 

 
Figure 1. Impact detection system 

 

 
Figure 2. Theory of the measurement by an FBG sensor 

 

 
Figure 3. Impact detection by the FBG sensor network 
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Table 1. Application scenario for the SHM system 

Structure Measurement Hardware Function 

Primary Structure 
In flight 

(continuous) 
On-board  Detection of impacts by flying hazards 

Door Surround 
Ground 

(continuous) 
On-board  Detection of blunt object impacts by GSE 

Secondary parts 
Ground 

(scheduled) 
Ground-based  Detection of damages by flying hazards 

 

3. System demonstration 
 

Verification and validation tests of the system were performed in accordance with the 

building block approach shown in Figure 4. 

Since the SHM system is expected to be as durable as the aircraft structures to be 

monitored, the FBG sensor installations and the measurement unit have to show the 

durability. 

Potential foreign objects that can impact aircraft structures range from bird, hail, runway 

debris, tire fragment including rubber and steel, to large vehicles and equipment in 

airports. Since the structural response can vary depending on the impact objects, 

detection tests are necessary for various object materials to understand the response and 

to develop a robust detection method. 

Blunt object impact (BOI), an impact of large and heavy object such as GSE, may result 

in large structural deformation that ultimately causes multiple damages scattered in a 

wide area without a visible collision mark because of the rubber bumper of the GSE [3]. 

For this reason, the detection of the BOI event has been a major concern for the aircraft 

operators and regulatory authorities. 

The impact detection system should demonstrate the durability and reliability in the 

actual aircraft configuration and conditions. As a full scale demonstration, flight tests 

are being formulated and the development of the system hardware and software is in 

progress to support the flight test measurements. 

 

 
Figure 4. Building block approach for system verification and validation 
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3.1 Durability tests 

 

Table 2 summarizes the durability tests of the FBG sensor installations. The FBG sensor 

showed sufficient durability under the wide range of load and environmental conditions 

expected during aircraft operation as defined in the document RTCA/DO-160G [4]. 

The measuring unit was also tested for the durability. 

 
Table 2. Summary of environmental durability tests of the FBG sensor 

Group Conditions Status 
 

Group Conditions Status 

Load 
Static Load Complete 

 

Immersion 

Hydraulic Fluid Complete 

Fatigue Load Complete 
 

Salt Spray Complete 

Environment 

High / Low Temperature Complete 
 

Kerosene Complete 

Temperature Variation Complete 
 

Solvent Complete 

Altitude / Pressure Complete 
 

Toilet Fluid Complete 

Over Pressure Complete 
 

Insecticide Complete 

Decompression Complete 
 

Disinfectant Complete 

Humidity Complete 
 

Fire Extinguisher Complete 

Flammability Complete 
 

Water Complete 

Xenon (QUV) Complete 
    

 

3.2 Sub-structure tests 

 

The following sub-structure tests utilized the test panel comprised of a skin, stringers, 

frames and shear ties as shown in Figure 5.  

(1) Various impactor materials impact detection tests 

(2) BOI detection tests 

(3) BOI damage detection tests 

 

 
Figure 5. Sub-structure test panel 
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The test panel was fabricated first with aluminum shear ties for the tests (1) and (2) and 

then the shear ties were replaced with composite shear ties for the test (3). The skin, 

frames, and aluminum shear ties had FBG sensors bonded on them, while the composite 

shear ties had FBG sensors embedded in them. 

 

3.2.1 Various impactor materials impact detection tests 

The impact detection tests utilized four different impactor materials, namely steel, ice, 

concrete and rubber. Figure 6 shows the test setup and the impactors.  

All these objects created sufficient impact responses for the SHM system to detect the 

impact. The impact detection method of measuring strains with FBG sensors was 

established and verified for the aforementioned impact objects. 

 

 
Figure 6. Impact detection tests using impactors made of various materials 

 

3.2.2 BOI detection tests 

The BOI was applied to the various locations of the sub-structure test panel as shown in 

Figure 7 to demonstrate the detection capability for the BOI event. 

 

 
Figure 7. Blunt object impact tests configuration 

 

FBG sensors measured the BOI strain responses as shown in Figure 8. The strain 

response of the skin was different from the typical “sharp” impact response. Although 
the shear tie was the component most likely to fail by BOI [3], the test demonstrated 

that the strain of the shear tie oscillated and was not suitable for the BOI detection. On 
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the other hand, the large bending strain of the frame was easy to monitor with the FBG 

sensors, and can be correlated to that of the shear ties and also to the impact energy.  

Therefore, monitoring the strain responses of the frames seemed to be the most effective 

method for the BOI detection. 

 

 
Figure 8. Example of the BOI strain responses 

 

3.2.3 BOI damage detection test 

In addition to the BOI detection, the BOI damage detection is another important 

capability for the FBG sensors to address. The BOI damage detection test configuration 

was the same as the BOI detection test, except the replacement of the aluminum shear 

ties with composite shear ties (see Figures 5 and 7). 

The shear ties under the impact area have visible damage as shown in Figure 9, whereas 

those in the vicinity of the impact area seemed intact. 

 

 
Figure 9. Composite shear ties after the BOI damage detection test 

 

The strain responses of the frames were larger than those of the skin as seen in the BOI 

detection test. The strains of the frames measured by the FBG sensors can be a 

diagnostic criterion to trigger or replace detailed inspections. Sufficient data 

accumulation is essential to propose the criterion. 
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The FBG sensors embedded in the shear ties showed the reflection spectrum which had 

multiple peaks before BOI and split into more peaks after BOI as shown in Figure 10. 

Strains of the shear ties are under evaluation by the method in the reference [5]. 

 

 
Figure 10. Reflection spectra of FBG sensors embedded in shear ties 

 

4.  Conclusions 
 

The authors are developing the optical fiber sensor based impact damage detection 

system for aircraft structures. 

 

There are two major tasks that need to be addressed to achieve the early implementation 

of SHM technology to the actual aircraft operation. The first task is to accumulate 

sufficient data to convince airlines of the benefit from the SHM system. The second task 

is to elevate the technical readiness level of the SHM system to meet the requirements. 

To meet these tasks, the impact detection system was evaluated through various tests in 

this study. 

 

The FBG sensors have already demonstrated required durability in wide range of load 

and environmental conditions. The system showed the impact detection capabilities 

against various impactors through the tests using the sub-structure test panel. In addition, 

it demonstrated the capability of BOI detection, which is also an important potential 

application of SHM. 

 

It is necessary to carry out system verification in the flight test to show the system 

reliability and performance. The development of the system hardware and software is 

steadily in progress in preparation for the remaining verification and validation tests 

including the flight test. 
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