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Abstract. An overview of what structural health monitoring (SHM) is, its historic 
background, the approaches being applied and the benefits to be expected with re-
gard to damage tolerant aeronautical structures is described in this article.  

1.  Introduction  

Engineering structures are designed to be safe such that catastrophic failure is avoided. This 
is done by designing a structure against a design limit, where the limit is set in accordance 
to a safety factor that has to cover all lack of knowledge regarding an engineering struc-
ture’s behaviour. Once more knowledge about the structural behaviour is gained the safety 
factor can be reduced without compromising the likelihood of a structural failure. Engineer-
ing structures are desired to be light weight. This is specifically important where the struc-
ture moves such as with transportation vehicles or rotating machinery. Maintenance of en-
gineering structures should be kept to a minimum, without compromising safety, reliability, 
sustainability and thus light weight design. This is important in economic terms such that 
for example an aircraft operator can maximise the return of investment into his aircraft. 
Safety, efficiency and maintainability are therefore the criteria against which engineering 
structures such as aircraft have to be designed.  
 
Engineering structures have to withstand a variety of mechanical and environmental loads 
during their life resulting in what is described as fatigue, wear, corrosion or any other type 
of degradation. A traditional way of designing engineering structures has been to consider a 
principle entitled ‘safe life’. If the fatigue behaviour of a structure can be described in terms 
of a life curve in the way shown in Fig. 1 then a safe life design would be considered a 
structure to be designed for a fatigue life with a 0% probability of fracture.  
 
In many of the cases a damage once being initiated will slowly grow. This damage initia-
tion such as a crack in a metal or a delamination in a composite will grow and may not be-
come critical for the structural performance from a certain size onwards that has to be de-
fined by design. This may be achieved at 50% of a structure’s life or more. Plotting there-
fore the damage propagation life as a usable life into Fig. 1 in terms of damage tolerance 
automatically leads to an increase of a structure’s operational life by a factor of 2 or more. 
This increase may result in an economic benefit in terms of an operational life extension. 
However if this extension is not desired another extension exists by increasing allowable 
structural strength such as indicated in Fig. 1 which automatically results in lighter weight 
design.  
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Fig. 1 Influence of including damage propagation in structural design 
 
Damage tolerant designed structures have of course also a price which is the amount for 
inspection that has to be invested. Determination of the inspection interval is usually done 
as indicated in Fig. 2 where a minimum crack length not to be missed by inspection is as-
sumed as the initial detectable crack length and a fatigue life ΔN is calculated up to a criti-
cal crack length beyond which damage can not be tolerated anymore. For safety reasons the 
inspection interval is often set at 2

NΔ after which the structure has to be inspected again. If 

no crack is found, which is mainly the case, the procedure starts again assuming the detect-
able crack length and inspection interval. If a crack is however found repair has to be done. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Determination of crack propagation life in damage tolerant design 
 
The above argumentation makes it obvious that monitoring damage tolerant structures is a 
major issue. With a variety of technology options emerging such as sensing technology, 
high power microprocessing, wireless communication and many others a new era in struc-
tural design has emerged  entitled as structural health monitoring (SHM) and which is cur-
rently widely discussed within aeronautics. 

 

2.  Historic Background  

It may be difficult to give a definition of what SHM exactly is but what it could roughly be 
could be something like the following:  

 
SHM is the integration of sensing and possibly also actuation devices to allow the loading 
and damaging conditions of a structure to be recorded, analysed, localised and predicted 
in a way that non-destructive testing becomes an integral part of the structure. 
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This definition contains two major elements of SHM: loads monitoring as a means to de-
termine the true operational conditions of a structure and damage monitoring as the conse-
quence of the operational conditions and a phenomenon that being subject to a statistical 
nature. It is difficult to say when the origin of loads and damage monitoring has truly been 
but in aerospace many of the consequences have sadly been the result of serious accidents. 
The aeronautical world realised the necessity of loads monitoring definitely after the series 
of fatal crashes that occurred to the de Havilland Comet aircraft between 1952 and 1954. 
Monitoring systems were built that were based on monitoring the accelerations around the 
centre of gravity of an aircraft and that would allow exceedances at specific load levels to 
be monitored.  

 
The other event which triggered the issue of damage monitoring was the Aloha Airlines 
accident flight 231, which occurred in April 1988. What had to be learned from this was 
that the likelihood of cracking is increasing with an increasing age of an aircraft structure 
which resulted in the description of the phenomenon called Multi-Site Damage (MSD), 
which is the effect of a multitude of small cracks to be more sensitive to total fracture than 
the sum of all these cracks represented as the length of a single crack. This could be repre-
sented in general as an increase in crack propagation in a way it is schematically shown in 
Fig. 2 below. The consequence of this has been the regulation set by the airworthiness au-
thorities that ageing aircraft (usually those at the age of 15 years and beyond) have to be-
come subject of an enhanced inspection effort. This is where SHM specifically comes into 
play.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 The Aloha Airlines accident and resulting consequences 
 

3.  State-of-the-Art in Aircraft Structural Integrity Monitoring  

A lot has emerged since those days in SHM with conferences, journals and books having 
emerged, where some examples include [1-5]. Within aeronautics various of the large air-
craft manufacturers are currently exploring which of the SHM technologies being proposed 
may have a chance to be implemented into real aircraft [6-8]. Commonalities in their views 
may include the following: 
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• Current aircraft structural inspection is based on visual and non-destructive inspec-
tion; 

• There is a variety of SHM technologies developed worth to be explored; 
• SHM technology must meet some clear requirements set by the aerospace industry 

which includes parameters such as probability of detection, data integration inter-
face standards, reliability, speed, and many others including a high level of technol-
ogy readiness; 

• SHM must clearly demonstrate cost efficiency in terms of aircraft life cycles cost.  
 
Currently only the second of these commonalities is truly tackled in a way that different 
aircraft manufacturers are exploring different SHM technologies where motivation comes 
from the two remaining commonalities being SHM technology maturity and cost.  

4.  Potential SHM Technologies Considered  

There is a wide range of sensors and sensor systems being around and developed or under 
consideration where a selection of those is shown in Fig. 4 below. The sensors and sensor 
systems are allocated to a specific physical parameter such as sound, vibration, electromag-
netism, temperature, light or possibly others, being further enhanced and more to come 
such as at the nano scale. Some of the ones being considered most are described below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4  Sensing options for structural health monitoring 
 
Electrical strain gauges: A very established and reliable technique where strain gauges are 
usually bonded onto a structure’s surface. Recently also techniques for printing those sen-
sors have emerged. The sensors are specifically good for loads monitoring. 
 
Electrical crack wires: A rather simple, reliable and low cost technique that allows cracks 
of different size to be recognised. Recently laser printing techniques have been developed 
which have been proven to work on various types of carriers. 
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Acoustic emission: An NDT technique comprising ‘listening’ to damage (i.e. crack, de-
lamination) progression having developed during in service operation. The technique is 
suitable for global monitoring however needs to operate when the structure to be monitored 
is in operation, may only provide signals at the very high but seldom loads and may suffer 
from background noise which can complicate the situation for specific applications.  
 
Acousto-ultrasonics: Another well known NDT technique where an actuator (usually a 
piezoelectric transducer) sends an acoustic signal into the structure to be monitored which 
will then be recorded either by the same transducer (pulse-echo) or a different sensor 
(pitch-catch). A reference signal is taken for the undamaged condition and is compared to 
all follow-on readings where the difference in signal is considered to be correlated to dam-
age. So far the transducers are usually attached to or integrated into the structure on a man-
ual basis.  
 
Laser vibrometry: The principle of this technique is very similar to acousto-ultrasonics 
where the laser now takes over the sensor role by being able to scan a larger area. An ad-
vantage is the wide area scanning. A disadvantage is however the access to the component 
to be monitored which the laser requires.  
 
Comparative vacuum monitoring (CVM): This technique provided by Structural Monitor-
ing Systems (SMS) in Perth/Australia is based on a two chamber system of very thin chan-
nels introduced into a silicon based sensor. The sensor is placed onto the location prone to 
cracking. One of the chambers is evacuated with vacuum to be held. Once a crack emerges 
under the evacuated chamber the pressure increases, which defines the presence of a crack. 
The method works well for local monitoring where the location of cracking is well known. 
However for global monitoring the approach becomes rather complicated. The technique is 
currently widely explored and validated in various trials with aircraft manufacturers and 
operators. 
 
Optical fibre Bragg grating (FBG): This is rather a sensor than any type of monitoring 
technique. FBG is to be applied to an optical fibre of 100 μm in diameter or less that can 
either be adapted to or integrated into a structure. The latter is specifically popular with 
composite materials while the former is the method applied to metals. The sensor is able to 
monitor any kind of strain resulting from either mechanical loads, pressure, temperature, 
acoustic vibrations or others.  A major advantage of the sensor is that a multitude of sensors 
(possibly hundreds) can be placed along a single fibre, which reduces complexity in wiring 
significantly. Because of working on an optical basis the system is immune to any electro-
magnetic interference. It has shown robustness with regard to in service application.  
 
MEMS: This is another multifunctional sensor widely used for monitoring accelerations 
and pressures. The sensor is mainly silicon based using micro machining, etching and coat-
ing technologies. It is light weight (possibly less than 1 gram) however requires individual 
contacting and possibly a circuit board. MEMS sensors are commercially available how-
ever mainly in the low frequency range (up to 10 kHz) only. MEMS sensors operating at 
higher frequency are feasible and have been demonstrated. However they have to be tailor-
made, which requires the appropriate MEMS design and fabrication facilities to be avail-
able making them rather expensive at this stage.  
 
Electromagnetic foils: The concept of these foils is similar to the one described before with 
regard to the Smart Layer and the acousto-ultrasonics principle. The principle is the genera-
tion of electromagnetic fields in the way this is known from high frequency eddy current 
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testing. The foils can be purchased commercially from companies such as either General 
Electric or Jentek and have been shown in a variety of feasibility studies that they work 
well with regard to fatigue and corrosion monitoring in metallic structures. 
 

5.  Potential SHM Applications in Aircraft  

5.1  Operational Loads Monitoring 
 
Operational loads are monitored today on the basis of either monitoring strain with conven-
tional electrical strain gauges or flight parameters such as height, acceleration, position of 
control surfaces, speed, acceleration, and others. Operational loads monitoring in aircraft is 
possibly realised best so far in the Eurofighter Typhoon military aircraft [9]. Load se-
quences are tracked at 16 critical locations around the aircraft. Although there might be 
various other technologies for monitoring strain, optical fibre sensing is the method being 
currently most favoured from the smart technologies being proposed. There are various 
good reasons for this trend such as the small amount of wiring required, the negligible 
weight of the sensors, the possibility of measuring strain at locations difficult to access or 
the avoidance of electro-magnetic interference. However a major driver for choosing opti-
cal fibre sensors also results from optical fibres being already used for data communication. 
This reduces the amount of effort required to certify a technology for in flight use.  
 
The flavour of FBG sensors has to be seen in the option of having a multitude of sensors 
along a single fibre which can be individually addressed and as such multiplexed. Being 
able to monitor load sequences at various discrete locations will allow the information to be 
fed back in fatigue life simulations which again will allow fatigue life and locations with 
damage accumulating to be predicted on a much more precise basis than this can be done 
today. A major requirement for FBG sensors to be applied in practical strain monitoring of 
aircraft is that those must be applicable calibration free. This requires the sensors to be al-
ready pre-configured on a carrier and a well defined attachment procedure to be available 
such that the transfer of strain between the structure and the sensor is reproducible.  
 
 
5.2  Damage Monitoring for Enhanced Inspection 
 
Damage monitoring has a variety of different facets including fatigue and fracture, corro-
sion and accidental damage. The most popular is fatigue and fracture and as such it is also 
the type of damage being possibly managed best so far. Locations of fatigue and fracture 
are usually known. It is those locations which have to be inspected after a certain interval of 
operation called the inspection interval. These intervals are quite long at the beginning 
(sometimes half of an aircraft’s design life) and become shorter with increasing aircraft age. 
Monitoring fatigue critical areas of an aircraft is therefore an action happening quite local-
ised which often requires a large amount of dismantling of other components before the 
location can be assessed, followed by a reassembly of the components being disassembled 
afterwards. Monitoring those locations without requiring dis- and reassembly of other com-
ponents will therefore significantly enhance or better even automate the inspection process 
and thus lead to the respective cost savings.  
 
If a monitoring system has to be seriously considered for an aircraft application it has to be 
made available as a system or something being close to this. The technologies mentioned 
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before are therefore those which currently meet this requirement and are thus those being 
explored in various assessments. 
 
 
5.3  Lighter Weight Design 
 
All of the transducer options mentioned have been used in a multitude of cases for demon-
strating the feasibility in monitoring loads and/or damage within structures of various mate-
rials, geometries and scales. In most of the cases damages have been addressed with de-
creasing scales following the motto of ‘the smaller the more scientific’. However in terms 
of application in real engineering structures and the damage tolerance issues discussed 
above this might not be true. If a structure such as an aircraft fuselage consisting of panels, 
frames, stringers, rivets etc. is designed in the way shown in Fig. 5 and NDT inspection can 
only be performed from the outside of the fuselage, then a stringer being placed at the in-
side of the fuselage would have to be considered broken, since any crack detected on the 
fuselage’s outside would not allow to make any conclusion regarding the stringer’s integ-
rity. Assuming a broken stringer leads to a shorter crack propagation and hence inspection 
interval, which is the measure of safety to be taken under these conditions. The inspection 
interval to be accounted for would therefore be CINΔ  compared to HMNΔ  being the inter-
val when the stringer would be able to be monitored. Even though the stringer’s complete 
fracture would only have to be monitored this would still be of a significant advantage 
when compared to the conventional inspection method. Compared to the small cracks being 
monitored and reported in literature, monitoring a gross integrity of a stringer looks to be 
fairly easy and reliable. However so far this has not been realised although studies show 
that weight savings of around 20% per component monitored might be achieved [10].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Comparison in crack propagation intervals for monitored and non-monitored dam-

age tolerant structures 
 
Crack sizes considered in damage tolerant structures are fairly large. For structures with full 
accessibility detectable crack lengths are often not below 5 mm while once the crack is due 
to start at some hidden location as shown in Fig. 6 the initial crack length can easily in-
crease into the range of even several centimetres. With regards to the critical crack length 
this has been usually limited to a 2-bay crack (Fig. 6 right), being clearly visible and in the 
range of 40 to around 100 cm. Assuming that a crack smaller than the minimum crack 
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length detectable with conventional NDT means could be monitored then a non-
proportional increase in inspection period or in further weight savings could be definitely 
expected. 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6 Definition of detectable (initial) and critical crack length 

6.  Conclusions  

SHM can be considered as the holistic approach for looking at a structure’s integrity. It 
includes the aspect of loads monitoring through which the loads being monitored can be 
directly fed into a digital model simulating damage accumulation in a structure. This allows 
locations prone to damage to be identified where means for damage detection can then be 
placed. NDT to be used as the means will become an integral part of the structure such that 
sensing devices and systems will be either adapted to the structure’s surface and possibly 
even be integrated. By doing this the principle of damage tolerance can be enhanced, in-
spection efforts are reduced and structures might be designed lighter weight, all without 
compromising reliability issues and hence making structures lighter weight and lower cost. 
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