
 

Development of a Structural Health and Load Monitoring System and its 
Implementation into an Aircraft Flying Demonstrator 

 
Mihail LILOV, Thomas SIEBEL, Conchin CONTELL ASINS,  

Oliver SCHWARZHAUPT, Valerio CARLI 
 

Fraunhofer Institute for Structural Durability and System Reliability LBF, Bartningstr. 47,  
64289 Darmstadt, Germany  

mihail.lilov@lbf.fraunhofer.de, thomas.siebel@lbf.fraunhofer.de, 
conchin.contell.asins@lbf.fraunhofer.de, oliver.schwarzhaupt@lbf.fraunhofer.de, 

valerio.carli@lbf.fraunhofer.de 
 
 
 

Key words: Structural Health Monitoring, Load Monitoring, Piezoelectric Sensor, Fiber 
Bragg Grating Sensor, Broadband Acousto-Ultrasonic, Aircraft Implementation, 
Experimental Investigation, Carbon Fiber Reinforced Plastic. 

 
Abstract 
Many common metal structures of industrial applications are recently optimized or even 
replaced by lightweight substitutes. Lightweight structures yield less weight at high stiffness 
and excellent fatigue resistance. Environmental pollution as well as operational and 
maintenance costs can thus be reduced in many areas, for example in automotive or aircraft 
sector. However, the persistence of components built of lightweight structures like carbon 
fiber reinforced plastics could be seriously affected by impact damages and lead to fatal 
failure within short, unpredictable time. To handle this concern, lightweight structures have 
to be monitored consistently by appropriate sensors and all structural information should be 
collected and analyzed by a suitable system. 
 
In this paper, the design and development of a comprehensive monitoring system for aircraft 
lightweight structures and the final implementation into a flight demonstrator is presented. 
An ATR 72 has been used as in-flight demonstration platform, thanks to the common work 
and support of Finmeccanica and ATR. This system combines two monitoring techniques: 
piezo-based structural health and optical Fiber Bragg grating-based load monitoring. The 
structural health monitoring approach is based on broadband acousto-ultrasonic 
measurements. Here, the structure to be monitored is excited to vibration in a broad 
frequency band and in parallel the transmitted structural response is acquired and analyzed. 
Structural changes are reflected in the acquired transfer functions. Damage is detected by 
the means of correlation functions between current and baseline measurements. For load 
monitoring optical fibres with integrated Bragg gratings collect strains applied to the 
monitored structure at crucial points. In this way a load history required for the estimation of 
the remaining structural service life is provided. Both methodologies have been implemented 
and tested under real flight conditions. 
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1 INTRODUCTION 

The increasing global flight traffic throughout the last years results in high environmental 
impacts. In order to decrease air pollution new specifications for the aviation were defined: 
The Advisory Council for Aeronautical Research in Europa, ACARE, targets for a reduction 
by half in fuel consumption, noise and in CO2 emissions and an 80% reduction in NOx 
emissions until 2020. This implies investigations in the development of more 
environmentally friendly technologies for aeronautics. [1] 

Substituting metallic by lightweight composite materials like carbon fiber reinforced 
plastics (CRFP) contributes to the reduction of fuel consumption and therefore the reduction 
of emissions. Due to their high strength and low weight CFRP composites are increasingly 
used in the aerospace industry. [2] 

Within the European Union FP7 program Clean Sky, Fraunhofer Institute for Structural 
Durability and System Reliability LBF (Fraunhofer LBF) collaborates with partners from the 
aviation industry in the development of a load and structural health monitoring (SHM)  
systems for smart and lightweight structures. To test the proposed systems the original crown 
aluminium panel of an airplane fuselage structure is replaced by a similar carbon fibre 
reinforced plastics (CFRP) structure. Actuators and sensors for the proposed monitoring 
systems are embedded in the CFRP structure. Two different technologies from Fraunhofer 
LBF for strain measurement and impact damage detection are integrated and investigated. 
For the measurement of the longitudinal and transversal strain of the skin and stringers of the 
panel, a network of optical fibres based on Bragg gratings is developed. For impact damage 
detection a network of piezoelectric patches (PZT) is implemented and integrated electronics 
are used for structural response measurements based on broadband acousto-ultrasonics (AU-
BB) measurements. Flight and ground tests are conducted to analyse the operability of the 
monitoring systems. 

2 STRUCTURAL HEALTH MONITORING SYSTEM 

Structural health monitoring is an approach for damage detection and thus prevention of 
fatal accidents of mechanical structures. Application areas are infrastructures (bridges, 
buildings, etc.), transportation (cars, aircrafts, etc.) or applications at which a break down 
could lead to a personal or physical injury. 

In this work, a method based on broadband acousto-ultrasonic is implemented. It requires 
at least two piezoelectric transducers applied on the structure to be monitored, see Figure 1. 
One transducer acts as actuator and excites the structure with broad band frequency 
excitation (e.g. sweep sine excitation) and another transducer acts as a sensor and receives the 
respective structural response. Due to mass, stiffness or other structural changes, alteration of 
the structural transfer function is expected. Here, a baseline measurement from the pristine 
structure is taken first and is analyzed by comparing to subsequent measurements. 
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Figure 1: Acousto ultrasonic broad band method.            Figure 2: Schematic configuration of the SHM-system. 

The sketch of the SHM-system developed in this project is shown in Figure 2. It consists 
of the following modules: control computer, CAN-bus analyzer, SHM-node and piezoelectric 
actuators and sensors. On the control computer runs a Matlab routine to control the 
measurement, conduct post processing and store data. The communication interface between 
the control computer and the SHM-system is realized by a CAN-bus analyzer. The core of 
the monitoring system is a microcontroller-based SHM-electronics with sensor/actuator 
multiplexed interface which operates the actuators for exciting the structure and sensor for 
acquiring the structural response. 

Figure 3 illustrates the schematic diagram of the SHM-hardware. The hardware is supplied 
with aerospace-conform voltage of 28 VDC. The excitation signal is generated, amplified and 
led by a multiplexer via coaxial cable to the respective piezo-actuators. The resulting 
mechanical vibration propagates through the aircraft structure to the piezo-sensors. The 
acquired sensor data is distributed by another multiplexer, amplified and filtered before 
sending and saving on the control computer. A sandwich construction was chosen consisting 
of three boards, Figure 4: upper and lower boards are the sensor and actuator multiplexer and 
the middle one is the microcontroller based unit. 

The data evaluation is conducted on the control computer by calculation of the cross 
correlation coefficient as a damage index. Due to the fact that the piezo transducers are 
temperature sensitive, an additional temperature sensor is applied on the monitored structure. 
All components used for completing of the SHM-system are aerospace-conform. The entire 
SHM system is designed according to EMC guideline RTCA DO-160. 

 

 

                    Figure 3: Hardware schematic of the SHM-Node.            Figure 4: Electronics of the SHM-Node. 

 
The system electronics has been successfully tested in the laboratory at negative pressure 

and also regarding the radio frequency susceptibility (DO160G, Section 20) and emission of 
radio frequency energy (DO160G, Section 21). A shielding housing of polyamide is used to 
create an EMC environment for the SHM-hardware. 
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3 LOAD MONITORING SYSTEM 

The implemented network for the load monitoring consists of a defined number of optical 
fibres (OF) which are distributed in a way to ensure the optimal monitoring of the important 
and critical spots of the structure. Combining the measurement data of all points it is possible 
to get an overview on the complete stress distribution over the whole monitoring area. The 
optical fibres are connected and combined via specific splitter modules into the interrogator 
analysis unit. The signals of the OF are translated into digital values and analyzed through 
specialized software. 

The OF were chosen because of their high sensitivity, the high reliability and their 
advantages for monitoring larger structures, namely their optional length. Optical fibres for 
strain measurement are similar to optical fibres used in telecommunication application. They 
consist of a glass core which is surrounded by a covering coating to protect the inner core. 
There are different technologies to use optical fibres for strain measurement. In the present 
case, Fraunhofer uses optical fibres with integrated Bragg gratings for the strain 
measurement. A Fiber Bragg Grating (FBG) is a periodic change in the refractive index of 
the core of an optical fiber, created by a laser etching process. A FBG is made by exposing 
the core of an optical fiber to a periodic pattern of ultraviolet light, forming a periodic change 
in the refractive index of the fiber's core. This periodic pattern then acts as a diffraction 
grating with a spectral response that is dependent upon the refractive-index profile of the 
grating. As a grating is subjected to environmental factors such as temperature or strain, the 
fiber is stretched or compressed, modifying the grating's refractive index profile and thereby 
its spectral response [3], see Figure 5. 

 

 

Figure 5: Working principle of the FBGs. [4] 

 

The OF have a sequence of spatially separated gratings, each with different grating 
pitches, creating a multiplexed sensor. The output of the multiplexed sensors is processed by 
means of wavelength selective instrumentation. The reflected spectrum contains a series of 
peaks, each associated with a different Bragg wavelength. For analyzing the incoming signal, 
the method of optical frequency domain reflectometry (OFDR) was used. The basic concept 
of an OFDR system is to create a response function from the serially multiplexed FBG 
sensors that spatially isolates the individual FBG sensor response in the frequency domain of 
the system response. 
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Figure 6: Optical Frequency Domain Reflectometry technique. [5] 

 

4 SYSTEMS IMPLEMENTATION INTO AN AIRCRAFT 

The test structure, on which the load and impact monitoring systems were implemented, is 
a crown composite panel of a regional airplane fuselage. To achieve a network of 
measurement points for an overall monitoring of the half of the panel assigned to the 
developed technology, the impact areas as well as the most stressed areas of the panel for 
both, on-ground and in-flight tests were considered. 

A layout of 54 piezoelectric transducers from PI Ceramics, type P-876.SP1 for SHM with 
symmetrical configuration and tree sensors per stringer bay is defined. The layout for the 
load monitoring part consists of eight OF with two Bragg gratings each for areal supervision 
of all stringers and two frames, creating a strain field. 

The sensors are prepared and integrated in two phases: first the fibres and the PZT are 
applied to the panel on-ground, next the remaining fibres are applied to the panel assembled 
to the fuselage. 

Taking into account the defined layout, the position of all measurement points on the 
panel is marked and the surface is carefully grinded and cleaned to have an optimal bonding. 
In the next step, the PZT sensors are bonded to the panel with two component epoxy resin 
(producer: Hardman) whereas the fiber optical sensors were fixed with two component 
qualified for aeronautical adhesive (Henkel 9394) on the structure and were finally cured 
with infrared light lamp. After bonding, the PZT sensors are wired. The furled sensor wires 
were fixed by glue dots and wire straps to avoid damage during transportation. 

In addition to the PZT transducers a temperature sensor is applied to the panel for 
monitoring the operational temperature level. 

Because of the absence of the frames on the panel on-ground, only the six fibres in 
longitudinal direction were applied.For checking the sensor functionality, the optical fibres 
were connected to an interrogator linked to an operational computer and for the PZT the 
capacitance and the resistance at 1 kHz in parallel modus of all sensors were measured before 
bonding, after bonding and after wiring, see Figure 7. 

 

 
Figure 7: Functionality check of the piezoelectrical sensors and the optical fibres. 
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Next, the panel is assembled in the fuselage, visually inspected and selectively reworked. 
The two remaining fibres are positioned in transversal direction along the frame and two 

splitting devices are installed to connect the fibres with the certificated interrogator unit of 
the industrial partner for data collection. 

All sensor cables are connected to a measuring rack. Finally, all PZT sensor connectors 
are plugged to the SHM-system and the operation was successfully placed into operation. 
The fiber optical sensors were also successfully checked for proper function. 

In order to finalize the configuration of the SHM-system, all cables of the actuators and 
sensors are folded to an appropriate length and fixed to the cable harness with cable straps. 
The proper operation of the system is proofed within a test run. The entire SHM-system made 
of SHM-Box , CAN-Analyzer, the switch and control PC, as well as the interrogator and the 
operational computer are fixed on a metal plate on the floor of the airplane, see Figure 8. 

 

 
Figure 8: Fixing of both monitoring systems on the aircraft ground. 

 

5  EXPERIMENTAL RESULTS  

Within the test campaign the load and the structural health monitoring system are assessed 
under real operation during aircraft flight.  

5.1  LOAD MONITORING  

The optical fibres were planned for the measurement of the strain in the structure to create 
a load monitoring during the operating time of the aircraft. During these tests the strain data 
from the optical fibres was recorded with the support of Finmeccanica and ATR and send to 
Fraunhofer for further analysis. All relevant data from the flight scenario like altitude, air 
speed, outside pressure etc. was collected during the tests. Fraunhofer converted all the data 
and correlated the different time lines of both systems to fit all the resulting curves. The data 
from the optical fibres recorded during flight shows good results in terms of correlation 
between flight data and strain data after the analysis. 

Following the flight scenario the altitude and therefore the decreased outside pressure has 
the largest influence on the structure. The fuselage barrel expands due to the lower outside air 
pressure. The decrease of outside air pressure is followed by a decelerated reduction of cabin 
pressure, Figure 9. The therefore delayed answer of the structure is clearly visible within the 
strain signal of the optical fibres, see Figure 11. 

Additionally, the structure suffers different kind of loads during the flight maneuvers and 
the change of temperature. All these different loads on the structure result in a single strain 
signal which was recorded by the optical fibres applied on the inner surface. 

Interrogator 
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The takeoff and landing has a significant impact on the structure. By changing the load 
from initial compression inside the crown panel during on ground taxiing, to tensile strain 
after takeoff inside the structure, the strain signal of the optical fibres detected a large 
increase of strain (0.4% strain increment) on the crown panel as soon as the airplane leaves 
ground. This phenomenon can be seen in Figure 10. 
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Figure 9: Static pressure vs. cabin            Figure 10: Example of the strain change 

pressure vs. total pressure.              caused by taking off. 

The temperature compensation of optical fibre measurements is analyzed: By placing one 
measurement point of one optical fibre without connection to the structure it is ensured to 
have one strain signal which was caused only by temperature influence and not by 
mechanical load. This temperature caused strain signal is subtracted from the total strain 
signal and has the strain signal from the mechanical load as the result. 

The on-ground pressurization test is also monitored by the optical fibres and the strain 
signal correlates favorably to the run of the inside cabin pressure. The complete fuselage 
structure is sealed and loaded with an inside pressure caused by air pumped inside the cabin. 
This procedure simulates the expansion of the structure during the flight phases due to 
decreased outside pressure. Because of the constant temperature conditions on ground the 
influence of the temperature on the strain signal is eliminated. 
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Figure 11: Correlation of the total pressure with the strain data of an optical fiber. 

5.2  STRUCTURAL HEALTH MONITORING 

The sensor network of the structural health monitoring system consists of 19 actuator-
sensor pairs which are shown in Figure 12. Within different network cells actuators (A) 
induce vibration which is acquired by nearby sensors (S). Measurement data is in the 
following exemplarily shown for the transfer path between actuator 15 (A15) and sensor 19 
(S19). 
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Figure 12: PZT-layout with different measurement cells. 

 
One measurement run between a actuator-sensor pair is composed of three subsequent 

excitation sweep signals in the frequency band 20 kHz to 100 kHz. Measurement data 
between two sweep excitations is used for analyzing the structural noise. A software-based 
band pass Butterworth filters the measurement data. The pass band is from 29.85 kHz to 
99.5 kHz. The attenuation for the first and second stop band is -80 dB.  

In a first step the Power Spectral Density (PSD) is calculated for the each measurement 
signal. In order to investigate the effect of noise caused by flowing air, turbines, etc. PSD is 
also calculated for data samples from in between of two measurement runs, Figure 13.  

 

 
Figure 13: Structural response and comparison of PSD of signal and noise. 

 
PSDs for measurements throughout the duration of a flight are calculated. A waterfall 

diagram illustrating the calculated PSDs is exemplarily shown in Figure 14. Comparing PSD 
plots of measurement signal (blue curve) and noise (red curve) at different operation 
conditions indicates a negligible effect of noise on the measurement data. This is exemplarily 
shown for measurements acquired at 06:56AM when the aircraft is on ground and at time 
07:29AM when the aircraft is in the air. 
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Figure 14: Analysis of influence of noise during FTL3 of S15-A19. 

 
The cross correlation coefficient (CC) is selected as an index to assess deviations between 

a current and a baseline measurement. Figure 15 shows a CC sequence for a single sensor 
pair for a complete flight. Baseline is a measurement conducted before aircraft take-off. 

Based on the conducted analysis of the data presented in Figure 14, a deviation of 
structural response on the PSD plots can be noticed. Furthermore, a trend of correlation 
deviation by following the temperature changes can be interpreted.  

 

 

Figure 15: Data analysis of A03-S07 for FTL4. 

 

6  CONCLUSION 

The paper describes the development of two technologies for strain measurement and 
impact damage detection and their integration on an aircraft CFRP panel. Both systems are 
tested under real conditions within a flight test.  

The monitoring capabilities of a larger fuselage structure of an aircraft with optical fibres 
for strain measurement were proven. It was able to monitor the deformation of an aircraft 
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CFRP structure during several flight tests and on ground tests. The changes of altitude as well 
as different other influences were presentable through the strain signal of the optical fibres. 
The monitoring of the load which is applied on the aircraft structure was possible at all times 
of the test flights. The correlation between the strain signal and the total pressure which is 
applied on the structure is illustrated. 

A piezo-based acousto-ultrasonic monitoring system was furthermore presented. Results 
show, that even during the flight the influence of noise is negligible to the measurement 
signal. However, the measurement signals during the flight are affected by environmental 
conditions like temperature. 

Implemented on an aircraft structure within this investigation, the presented monitoring 
concept could also be used to monitor other critical lightweight structures, e.g. wind turbines 
parts. 

Target of further development will be to combine both monitoring procedures in a single 
structural health evaluation system. This step will allow the acquisition of the holistic 
structural status of the monitoring object by delivering essential information needed for safer 
operation. 
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