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STRUCTURAL HEALTH MONITORING TECHNOLOGIES AND APPLICATIONS IN AIRCRAFT STRUCTURES

Dragoljub Vujić1
Summary: This paper deals with advanced structural health monitoring technologies and their aplications in aircraft structures. Structural Health Monitoring (SHM) is an innovative way of on-board Non-Destructive Testing (NDT) to directly assess the integrity of aircraft structures. The principle of SHM is comparable to the human nervous system. Discrit sensors which form a network remain permanently mounted onto, or embedded into the aircraft structure, detect and diagnose inevitable structural damage, mechanical loads or abnormal conditions. The sensors are interrogated via an on-board or off-board diagnostic system and information on the structural state is reported to maintenance team. 
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1. INTRODUCTION 
Structural Health Monitoring (SHM) emerged as multidisciplinary set of technologies during 1990s, with the goal of reducing maintenance costs in aircraft structures by the implementation of automatic damage detection systems, able to detect incipient cracks well below the critical size, and nearly without human intervention. Inspections of structural integrity could be done almost continuously, either during flights or during overnight stops, witout aircraft disassembly. The system includes three key elements: 1) A network of sensors, permanently attached to the structure (this aspect is a main differentiation with convential NDT procedures), 2) On-board data handling and computing facilities, 3) Algorithms that collect data from sensors, clean data environmental effects, compare to former data from the pristine structure and inform about occurrence, localization and damage type. 

SHM is now an indipendent multi-disciplinary area of research dedicated the development of smart or inteligent materials and structures, primarily used in civil and aerospace applications. Smart materials with SHM are likened to the human body’s nervous system (Fig.1), with sensors analogous to nerve endings able to detect damage or pain. The central processing unit is compered to the brain, able to interpret the incoming signals and react with an appropriate response. 
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Fig. 1 Diagnostic system: analogy with the human body
In contrast to conventional NDT, there is no need for a qualified NDT inspector to assess the area of inspection and to perform the measurement by hand-held NDT probes which is in most cases costly and time consuming. As a result, SHM shows for selected use cases a great potential to reduce time and cost for maintenance, to increase the aircraft availability and to realise innovative aircraft design for reduction of weight. Airbus is developing, for example, SHM onto its new generation aircraft to ease structural maintenance, beyond the wider Condition-Based Maintenance (CBM), meaning doing maintenance when the need arises (i.e. after one or more indicators showing that equipment or structure is going to fall or is deteriorating). The evolving integration of on-board systems into the avionics’network and broad band data communication capabilities are setting the scene for a step change that aims at bringing significant benefits to the operators. CBM provides an on-line status of the individual aircraft’s conditions. This clear forecast of the fleet-wide operational capability enables the airline operations and maintenance control centres to plan ahead and increase aircraft availability.  
Applying SHM systems it can be determined the damage that occurs inside the material, its accurate location, the speed of the damage propagation and, finally, it can make a prognosis of the residual life of the structure. With the help of smart sensors network placed on the surface or inside the structure it can be monitored the external impacts, it is possible to measure the strains and to detect the damage that occurred inside the structure. In parallel with the damage detection process, it can achieve the information from environmental parameters. 

The main benefits, impediments and challenges of SHM are presented in the Table 1. 

Table 1 Benefits, impediments and challenges of SHM 
	Benefits
	Impediments and challenges

	Near-term


	· 
	Elimination of costly and potentially damaging structural disassembly
	· 
	Cost of sensors and sensor systems

	
	· 
	Reduced operating and maintenance costs
	· 
	Ease of use and coverage area

	
	· 
	Detection of blunt impact events occurring during normal airplane operations
	· 
	Need for rapid customization of sensors

	
	· 
	Reduction of inspection time
	· 
	Need for cost-benefit analysis - operators must realize benefits of multi-use

	
	· 
	Early flaw detection to enhance safety and allow for less drastic and less costly repairs
	· 
	Original equipment manufacturers may need to own technology

	
	· 
	Minimized human factor concerns due to automated, uniform deployment of SHM sensors
	· 
	Small-scale damage must be detected in large-scale structures

	
	· 
	Increased vigilance with respect to flaw onset
	· 
	Validation activities - general performance assessments needed; reliability of SHM systems must be demonstrated

	Long-term
	· 
	Substitution of condition-based maintenance for current time-based maintenance practices
	· 
	Validation activities - field trials on operating aircraft is necessary but time consuming

	
	· 
	New design philosophies - SHM designed into the structure
	· 
	Certification - need to streamline specific applications; technical, educational and procedural initiative 

	
	· 
	Weight savings
	· 
	Standardization needed for validation and certification activities

	
	· 
	Optimized structural efficiency
	· 
	Technology transfer and implementation reguires changes in maintenance programmes


2. BUILT-IN SENSOR NETWORK OF SHM 
2.1 SMART Layer approach

Although there are many types of sensors available, implementing a large network of sensor on a new or existing structure poses a major challenge for developing a practical monitoring system. The sensor network must be easily and reliably integrated with the host structures, require minimal labor and produce minimal or no effect on the integrity of the structures. 
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Acellent Technologies Inc. company has developed a novel approach to implement a network of distributed piezoelectric sensors/actutors into composite structures. This approach is based on the flexible circuit printing technique, which is commonly used in the electronic industry. The fabricated thin, flexible sheet supporting a network of actuators/sensors is referred to as a SMART (Stanford Multi-Actuator-Receiver Transduction) Layer (Fig. 2). 

Fig. 2 Schematic description of the SMART Layer
The SMART Layer is made of a thermoplastic dielectric film with a distributed network of piezoelectric disks as both sensors and actuators. The thickness of the film is about 0.05 mm. Piezoelectric ceramic (PZT) was selected to form the sensor network, and the size of the piezoelectric elements can be chosen at the discretion of the users. For the current design, a 6.35 mm diameter 0.25 mm thick disk was used. 

Sensors can be surface-mounted with standard aerospace grade adhesives, followed by pressure and heat to cure and seal the bond, and coated to meet environmental requirements. Acellent provides guidelines for installation of sensor layers on metal and composite structures. Because the smart layer can withstand heat and pressure, it can also be embedded directly into composites during manufacturing process. Acellent’s SMART Layer is categorized into various grades based on industry requirements (Fig.3). 
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Fig. 3 Various grades of the SMART Layer 
Capable of being integrated into new or existing structures, SMART Layer technology is used to automate inspection and maintenance including structural condition monitoring, load and strain monitoring, impact detection, damage detection, impact damage assessment, crack growth monitoring, debonding detection, process monitoring, materials cure monitoring, and quality control. The main benefits of SMART Layer technology are its flexibility, light weight, ability to adapt to any structure, ease of installation, durability, and reliability under different environments. An example of SMART Layer sensor networks is presented on Fig. 4. Acellent’s SHM system is comprised of three major components that integrate together: sensors, hardware and software (Fig. 5).  

Fig. 4 SMART Layer sensor networks
Fig. 5 Complete corrosion monitoring system [2]
2.2 Smart structures and materials for the future
The research focuses on multi-functional smart structures and materials with built-in self-sensing, optimized and lower costs for global structural CBM. For example, Airbus is developing optical fibre sensors which are capable of detecting, localising and assessing impact damage, as well as monitoring structural loads. These small diameter optical fibre sensors (50 (m to 125(m) are mounted or embedded into the Carbon Fibre Reinforced Polymer (CFRP) structure in the course of the manufacturing process. In addition, the same optical fibres are developed to be used for transferring system’s data instead of using heavy conventional data cabling which in turn loads to massive weight savings.
3.  CONCLUSION

In the past decade, aeronautical SHM has moved from extensive research and lab-testing, to the definition of comprehensive application set-up, now ready for use. Today’current focus is on the maturation of selected key SHM technologies and on the development of multi-functional smart structures with built-in self-sensing, optimized weight materials. SHM is now at the doorstep of retrofit applications ready to monitor structural hotspots on the aging aircraft in service today. The main benefit for this retro-application is increased aircraft availability and further gained service experience. Furthermore, SHM technology will be a vital feature of aircraft’future component design. By fully integrating SHM into the aircraft’s monitoring architecture, it will bring significant weight savings and overall further increased aircraft availability. SHM is like having a permanent on-board doctor to detect degradation as-and-when it occurs, assess its impact, then treat it in a timely manner. The result is a healthy aircraft with enhanced operability: lighter, safer and easier to maintain.  
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