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Abstract: 

New materials and light-weight structures call for new concepts of reliability assurance and maintenance.  The 

progress in micro-electronics and micro-electromechanical systems (MEMS) allows development of highly inte-

grated smart systems in large quantities at low costs that combine signal generation, data pre-processing and 

wireless communication accompanied by energy harvesting mechanisms, thus forming self-sufficient equipment 

and systems.  Such sensor systems and networks are integrated into industrial components and vehicles, driving 

the development of smart structures.  Two main concepts of global monitoring will be discussed: vibration analy-

sis and propagation of elastic waves, and measurements of stress, strain and load conditions.  Structural Health 

Monitoring activities at Fraunhofer IZFP Dresden are focused on Acousto-Ultrasonics and Acoustic Emission in 

combination with Vibration Analysis.  Sensor systems and networks based on acoustic and optical principles are 

already in use for full scale fatigue tests and on operating windmills.  The focus of aviation and aerospace activi-

ties is directed towards monitoring of fiber composite structures.  Express and cargo trains are monitored by 

acoustic measurement equipment evaluating the noise from the rail-wheel contact.  Finally, guided wave tech-

niques are applied for corrosion and crack monitoring of pipes and piping systems.  This paper provides an over-

view of the Structural Health Monitoring activities at Fraunhofer IZFP Dresden, and discusses future concepts. 
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1. Motivation 

Increasing reliability and safety of technical systems for vehicles and machines is an effort of 
increasing importance for technical development.  Safety means protection against damage 
due to misuse of instruments, overloading, unexpected events outside of human control, mate-
rial defects, improper design and change of material properties due to aging fatigue or corro-
sion.  This also includes unwanted faulty operation or human failure.  In the interest of an effi-
cient use of materials and energy, a 100% usage of the exploitation of components is desired.  
This requires periodical inspections and, if necessary, replacement of the components.  The 
trend is to accompany or replace the inspections with continuous monitoring of loading condi-
tions, as well as materials and structural health.  For this purpose, components and vehicles 
are equipped with sensor systems and sensor networks that are low cost, low weight and en-
ergy independent.  
The advantages of this technique, called Structural Health Monitoring, in addition to safety 
and reliability are as follows: 

 
- Maintenance cycles can be extended 
- Condition based maintenance 
- Extended use of components  
- Exploitation of material reserves 
- Increased retail value 
- New design concepts that reduce weight and energy consumption 

 
Structural Health Monitoring concepts are already used for component development to 
accelerate structural testing.  

 

18th World Conference on Nondestructive Testing, 16-20 April 2012, Durban, South Africa 

M
o
re

 i
n
fo

 a
b
o
u
t 

th
is

 a
rt

ic
le

: 
h
tt

p
:/

/w
w

w
.n

d
t.

n
et

/?
id

=
1
2
7
8
6



What is presently called Structural Health Monitoring is only the beginning of a new age in 
technology development.  In the future, we will develop machines that are equipped with 
sensor systems that are capable of adapting to environmental conditions and performing self-
diagnosis and self-repair similar to a living species.  This will revolutionize technology in a 
way similar to the steam engine replacing muscle power and information technology replacing 
brain power. 

1.1 SHM techniques based on piezoelectric transducers 

The SHM system is characterized by a sensor network distributed over the entire structure to 
detect and locate any occurring damage.  In order to avoid false alarms and to accurately 
locate and characterize the damage, three independent measuring methods are used: Acoustic 
Emission (AE), Acousto-Ultrasonics (AU) and Modal Analysis (MA).  All three use elastic 
waves for structural health monitoring purposes.  For example, sensors are distributed within a 
windmill blade according to the expected damage areas.  It has to be considered that the 
desired high resolution of small damages and the therefore applied high frequencies refer to 
shorter propagation distances caused by dispersive properties of the investigated material.  For 
practical applications, a compromise has to be found between high-resolution and long 
propagation distance.  The methods can be divided in active (AU and MA) and passive (AE) 
techniques as well as in low-frequency (MA) and high-frequency (AE and AU) techniques.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Monitoring techniques (left) Acousto-Ultrasonics (AU): direct detection of elastic waves scattered 

by defects, Change of acoustic transfer functions and (right) Acoustic Emission (AE): Detection of acoustic emis-

sion by crack generation and growth; localization by travel time differences at different sensor positions [3]. 

1.2 Acousto Ultrasonics (AU) 

An active SHM system uses pulser and receiver transducers with resonant frequencies in the 

low ultrasonic range and wave propagation dynamics predictions for damage detection (Figure 

1a).  AU uses ultrasonic methods in a frequency range between 10kHz and 500kHz.  

Ultrasonic waves are reflected by surfaces and interfaces, attenuated by dispersion and 

absorption, and undergo mode changes during reflection and transmission.  These effects 

strongly depend on the frequency of the wave, its direction of propagation, its initial mode, 

and the location and orientation of surfaces and damage.  When damage to a structure has 

occurred, changes in the signal and therefore the transfer function indicate the type of damage, 

such as cracks and delamination.  By pre-calculating the expected changes in the signal from 

given types and degrees of damage, the damage can be evaluated from AU measurements [1-

3].  This type of measurement is repeated according to the expected damage velocity.  Using, 

for example, hourly measurement intervals, the growth of the damage can be described in high 

time-resolution.  A high spatial resolution is achieved by using high frequencies with the 

disadvantage of shorter possible travel paths.  The initial situation (baseline) must be 



measured to describe the undamaged situation at different load levels, since the damage could 

be load dependent. 

1.3 Acoustic Emission (AE) 

A passive SHM system uses only sensors and the ultrasonic waves are generated by the rapid 
release of energy from sources within a material (Figure 1b).  Therefore, acoustic emission 
can be used for monitoring structures regarding active damage even when ambient noise 
levels are extremely high.  Sources of acoustic emission include fracture and plastic 
deformation, impacts, friction and other processes in a windmill rotor blade. 
This technique is well suited for permanent monitoring in a range of 10kHz to 500kHz.  The 
resolution equals approximately half the wave length (300mm @ 10kHz); damping depends 
on the frequency.  For this reason, specific frequency ranges with maximum ranges of the 
acoustic waves have to be specified for the signal processing.  The signals are permanently 
sampled and specified according to their energy levels.  The signals are recorded in case 
certain limits are exceeded and interpreted as acoustic emission signals.  Using the travel 
times of the signal, the source can be located if a minimum number of three sensors recorded 
the signal.  If the ultrasonic velocity is either not known or is anisotropic, more sensors are 
needed to completely describe the system.  The statistics of the localized events result in a 
probable distribution relevant to the damage occurrence.  Signal processing supports the 
description of source mechanisms and include fiber breakage, delamination or fritting of 
structure elements.  

1.4 Modal Analysis (MA) 

Global low frequency components can be described by measuring the natural frequency 
behavior.  Structural variations, like stiffness reduction and damping increased by friction, 
have a direct impact on the modal parameters (Eigenfrequency or natural frequencies, mode 
shape and modal damping) as characteristic and structural descriptive parameters (Figure 2).  
A useful tool for the determination of modal parameters was developed during the last two 
decades, “Operational Modal Analysis”.  For identification, different tools are available, e.g. 
“Enhanced Frequency-Domain Decomposition” in frequency domain or the “Stochastic-
Subspace Identification” in time domain [5].  The changes regarding level, energy content, 
phase and amplitude of the signal, indicate the level of damage.  The so-called environmental 
noises, such as wind, wave pounding and the vibrations resulting from the operation of the 
wind turbine, are in most cases sufficient as excitation sources.  Together with the other two 
methods AU and AE, the measurement technique is used for parameterization. 
 

 
 

Figure 2:  Shift of a mode shape at 80, 1Hz due to a defect (green - delamination) within the rotor blade (red – 

initial defect free, gray - defective), courtesy of WOELFEL Beratende Ingenieure (WBI), [3].  



1.5 Sensors 

According to the application, different sensors can be used in order to generate and to receive 
acoustical waves. 

 

 

Figure 3:  DuraAct transducer of PI ceramics with integrated analog electronics used for active and passive 

approach, size of piezoelectric active area 35mm x 60mm, [3]. 

 
For monitoring rotor blades, transducers are required that transfer electrical signals in acoustic 
waves (and vice versa) effectively in the frequency range of 10kHz to 50kHz (wavelength 
between 60mm and 300mm).  
DuraAct transducers made of PI ceramics and consisting of thin piezo ceramic plates meet 
these demands (Figure 3).  The use of arbitrary waveform generators was preferred to generate 
the electrical signals.  The elastic waves are detected and converted to voltage signals by small 
piezoelectric sensors mounted to a convenient surface area of the material.  The sensor 
response and front-end filters remove frequencies below about 10kHz, which includes most 
audible noise.  The same sensors used for AU were applied for AE.  Pre-amplifiers with a 
maximum sensitivity in this frequency range were used.  For modal measurements, strain and 
acceleration were measured. 

1.6 Electronics 

Different electronics are available according to customer requirements as well as the available 
space for instrumentation.  Figure 4 shows a miniaturized measurement system for 
applications with high demands regarding the allowed size of the electronics.  The analog 
board of the system is shown on the left and the communication board is depicted on the right.   
The first consists of the electronics needed for signal pre-amplification, waveform generation 
and the power amplifier used for active measurement approach.  
 

 
 
 
 
 

 

Figure 4:  Analog (left, IZFP-D) and digital (right, ZMDI) board of electronic needed for active and passive 

approach 

 
The communication board produced by ZMDI, according to specification of IZFP-D, is shown 
on the right in Figure 4.  This circuit with a size of 15mm x 25mm consists of a 12 
analog/digital converter, a powerful processor (ARM 32bit) for signal processing and a 
wireless transceiver (900MHz transceiver, IEEE 802.15.4) for communication. 



1.7 Signal Processing 

Acousto-Ultrasonic measurements are conducted as a baseline approach.  This means that 
signals recorded for a specific sensor path are compared with the historical baseline of this 
sensor path, and different signal processing techniques are used to determine the existence and 
localization of the damage. 
In order to detect the time shifts between two signals (x and y) caused by damaged areas, the 
linear correlation coefficient (Equasion 1) is chosen as damage indicator to determine the 
qualitative awareness of structural damage. 

 
 

 
(1) 

 
 
 
 
 
 
 
 

As a basic approach, the correlation coefficient of a specific time window within the measured 
signals, or the envelope of these signals, is calculated and indicates the presence of damage if 
a sensor path specific threshold is exceeded.  
If the qualitative awareness of the presence of damage is discovered, the quantitative 
localization of damage is of interest.  The damage position will be obtained using the 
Synthetic Aperture Focusing Technique (SAFT).  The received time signals are subtracted by 
an adequate baseline and the envelope signal of the signal difference of the baseline and the 
actual state will be calculated for each sensor path.  The structure under surveillance will be 
discretized in pixels, and the travel time for the selected wave mode from the actuator to the 
actual pixel and from the actual pixel to the receiver will be calculated.  The envelope 
amplitude related to the calculated travel time of the received signal for this pitch-catch path 
will be added to the amplitude value of the actual pixel.  This procedure is performed for each 
pixel and each pitch-catch path.  When damage exists at a specific pixel, the field value 
therein becomes pronounced.  After image fusion, the pixels with maximum field values 
highlight the location of damage in the image. 

2. Applications 

2.1 Monitoring of Wind Turbine Rotor Blades 

The objective of SHM systems is the continuous monitoring of rotor blades to ensure 
condition oriented testing and repair, as well as long-term planning of inspection and repair 
activities. Any damping in the rotor blade limits the travel path of the acoustic waves.  
Therefore, a sensor network was developed especially for the most stressed areas such as the 
bar and clued order to completely monitor all rotor blade structure areas.  The approach 
described in this paper is based on monitoring arrays with an edge length of 3m to 5m 
consisting of up to 64 sensor nodes distributed over the surface of the blade.  The network 
itself was implemented with a central master and network nodes distributed over the structure. 
As a result of the high feasibility of lightning strikes on rotor blades, it is necessary to use an 
appropriate monitoring system with a large number of sensors.  Such type of lightning 
protection system should provide an overall galvanic isolation between the sensor nodes and 
the central evaluation unit. 
A schematic design of the monitoring system is shown in Figure 5.  It contains a high-power 
laser as energy unit for the optical power supply and an optical network unit for collecting and 
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processing received sensor data.  The second part consists of numerous sensor nodes that are 
distributed inside the entire rotor blade.  In addition, each sensor node contains special 
optoelectronic devices for power supply and communication functions and special electronics 
for sensor functions. The connection between the energy node and every single sensor is made 
of optical glass fibers.  They guarantee the galvanic isolation of the monitoring system.  
Electromagnetic disturbance has no influences from the optical interconnection and has a 
lower weight compared to copper wires.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Schematic design of the lightning protected monitoring system; communication and power supply 

are realized optically [2] 

 

Both, AE and the AU techniques were used in a full-scale fatigue test on a rotor blade made 
from CFRP and GFRP, with an overall length of 40meters.  Static masses (total weight: 
4,400kg) were applied near the rotor tip (radius of 23m to 37m) to simulate the quasi-static 
force from the wind load during the test.  The test ran approximately 417,146 cycles with its 
first Eigenfrequency.  

 

Figure 6:  Experimental setup (IMA Dresden), [4]. 

 
 

 
 
 
 
 
 
 

 

 

 

 
 

 

Figure 7:  Sensor distribution over rotor blade, [4]. 
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Figure 7 shows the distribution of the sensors in 3D- and planar view.  Figure 8 shows the 
localization plot of the pressure side of the rotor blade as well as the results of the Acousto-
Ultrasonic approach. All localized Acoustic Emission hits per unit volume are marked in blue.  
Different lines of green, yellow and red are visible.  These lines are the direct travel paths of 
acoustic waves between two adjacent sensors.  As a damage indicator, the ratio of amplitude 
between undamaged state at 0 cycles and state after 417.146 cycles of the acoustic waves are 
used.  Green corresponds to an undamaged condition of the given sensor path, and red 
corresponds to damaged condition.    
Damage (crack) at the trailing edge at 10m in radius is emphasized by a black line.  In the 
surroundings of the crack, acoustic emission events were increasingly located after detecting 
the defect, which points at stress redistributions in the rotor blade.  The damage indicator of 
the AU approach also indicates structural changes.  Using these techniques, service of rotor 
blades can be enhanced, since regions of damaged areas of the blade can be identified in order 
to optimize the NDT process.   

 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8:  Condition of rotor blade after full scale fatigue test (417.146 cycles), green and red are results of 

AU approach (green…no damage in specific transducer path, red…damage in transducer path), blue are result of 

AE approach (localized AE-events). 

2.2 Monitoring of Pipes 

SHM monitoring systems are applied for monitoring tasks on pipes with problematic 
accessibility and other corrodible plant components.  Especially the condition monitoring of 
hot pipes with temperatures above 300°C or in explosive environments in chemical plants, 
refineries or power plants, causes high demands for SHM systems.  Continuous measurements 
and the integral knowledge of the residual wall thickness caused by local corrosion can be 
achieved by using guided waves that are well suited for these tasks.  Guided waves are 
coupled onto the object by applying piezo-acoustic transducers on their surfaces.  
The guided waves show a disperse behavior (Figure 9) similar to plate structures.  The modes 
are divided into longitudinal (L), torsion (T) and flexural (F).  Wall thickness and frequency 
are closely related to the phase velocity vph of the occurring wave modes.  A reduction of the 
wall thickness leads to the shifting of the dispersion curve to higher frequencies.  Higher 
modes are non-existent in the low frequency range.  To determine the wall thickness, a short 
temporary excitation is necessary to separate the wave packages for short distances.  



Therefore, one transducer is addressed as actor; the other transducers are configured as 
sensors (Acousto- Ultrasonic Method).   
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Typical dispersion diagram for phase velocity on piping (top) and measurement setup for global 

corrosion monitoring (bottom) 

 
The residual wall thickness is calculated from the measurement of the travel time and the 
identification of the fastest wave mode L (0, 1) and F (1, 3), respectively.  The highest 
sensitivity (typical resolution: 0.1mm) is found for this measurement technique at the interval 
of the highest non-linearity of the dispersion diagram, which refers to frequencies up to 
1MHz.  The basic configuration of the measurement system consists of two sensors and the 
electronic data acquisition system for excitation and measurement of the ultrasonic signals.  
The monitoring area is defined by the distance between the sensors (Inspection Zone in Figure 
9).  It is possible to use more coupled sensors to increase the spatial resolution.  Depending on 
the application case, special transducers and application techniques were developed.  For 
high-temperature applications, dry coupling and transducers based on lithium niobate proved 
to be a successful choice.  

2.3 Monitoring of Aircraft Structures 

Currently used carbon fiber laminates for aircraft applications are usually long fiber-enforced 
composite materials.  Since separated fibers have to be regarded as a weak area even in the 
case of laborious and costly repair technologies, quality assuring activities during the repair 
and during maintenance intervals of the following normal operation are of high significance.  
Therefore, Structural Health Monitoring (SHM) technologies have increasing importance for 
the monitoring of repaired parts.  
Monitoring of a hafted repair path by using guided waves was performed during a fatigue test 
of a carbon fiber laminate with an area of 250mm x 500mm x 2mm and the laminate design 
[45,0,-45,90]S.  The repair was performed as a circle hafting with a 10° hafting angle.  The 
resulting diameter of the repair path equaled 40mm at the inner side and 116mm at the outer 
side of the laminate.  The repaired side is referred to as the outer side (Figure 10).  The fatigue 
test was performed with a cycle tensile loading of 2Hz, approximately 25kN amplitude and 
50kN pre-load.  This corresponds to strains between 0.1% and 0.3% for the given sample 
geometry and the composite design. Monitoring during cycle loading was conducted with 
Acousto Ultrasonic measurements by piezo sensors applied to the structure in load-free 
condition after every 25,200 cycles.  A multi-channel acoustic system (MAS, IZFP-D) was 
used for the measurements with a waveform of Raised Cosine Burst, with center frequencies 
between 50kHZ and 350kHz.  The evaluation of the structural changes is based on signal 
comparison to the measurement data in the beginning of the experiment at 0 cycles. 

 

 



 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 10:  Setup for hafted repair patch fatigue testing (left and bottom), decreasing signal envelope with in-

creasing load cycles during fatigue testing (right). 

 
Figure 10 also shows the envelope of the received signals at sensors P2 and P3 using RC4 
with a center frequency of 150kHz as sending waveform at sensor P1.  Signal changes caused 
by scattering effects are well recognizable at all signal paths and especially at path P1 P3 by 
a clear decrease of the received wave package amplitude of about 10 times.  
Based on these measurements, a suitable amplitude and travel time damage indicator is to be 
derived from the measurement results; further samples with pre-damaged repair areas will be 
investigated. 

2.4 Monitoring of Ground Transportation Vehicles 

For this monitoring task, the acceleration and structure-born sound signals caused by the 
wheel-rail contact are analyzed (Figure 11).  The acoustic signal correlates well with any 
damages at the wheel treads, such as pitting, for example.  Damages in the wheel modify the 
signal propagation in the material and change the acceleration characteristics.  A sensor 
system (Figures 12), which is integrated into a wheel-set hollow shaft and measures the 
acceleration and the structure-born noise caused by the wheel-rail contact was developed.  
Therefore, eight high frequency ultrasonic sensors are pressed to the interior contour of the 
hollow shaft.  Additional acceleration sensors are integrated and the signals are processed 
directly in the hollow shaft.  Data is stored to an onboard mass storage unit and can be 
accessed by a wireless interface (Bluetooth). 
The capabilities of the system were evaluated during test measurements when artificial defects 
were introduced into the wheel: a notch with 0.5mm length, step-by-step increased up to 1mm 
at 135º, a groove with 1mm width at 155º, a hole with an artificial crack without contacting 
the tread at 255º and a flattening area at 320º.  Signals from non-damaged wheels were used 
for comparison. 

 

 



 

 

 

 

 

 

 

 

Figure 11:  Measurement principle using structure-born noise generated by wheel-rail contact (left) and  envelope 

of structure borne sound signals (frequency range 100kHz - 200kHz), averaged over circumference of wheel 

(right) 

 

To exemplify, Figure 14 shows the detection of defects in the acceleration signals.  It was 
possible to provide evidence of defects (drilling with crack) even without contact to the wheel 
tread.  Figure 14 shows the defects of a notch, a groove and a side-drilled-hole with a crack in 
the wheel, synchronously determined by envelope curves of the structure-borne noise. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 12:  Hollow shaft measuring system (left) and principle of a hollow shaft measuring system (right) 

 

3. Future Prospects 

As discussed in the beginning of this paper, the present technology of Structural Health 

Monitoring is only the very beginning of a new technology era.  We will develop systems and 

vehicles that are capable of monitoring structural health and modifying the use conditions 

based on sensor and actuator technology capabilities.  In the future, we will also see self-

repairing systems.  The beginning, for example, is the repair of damage in protective coatings.  

Small robot systems for self-diagnosis and repair are also under development.  Based on 

existing road maps for railway, automotive, aircraft and wind energy systems, we can assume 

that new sensor principles will be developed.  However, the focus will move towards the 

direction of intelligent sensors that include signal processing, communication and energy 

harvesting.  Sensors will operate in self-organizing networks.  



Another important trend is the development of actuators and smart materials.  This means, 
materials with sensor and actuator capabilities.  One already existing example for such 
innovative products is the diesel injection pump for reduced fuel consumption and improved 
engine efficiency.  
At present, sensors are employed for component monitoring and improvement of periodic 
inspections.  Future systems may be capable of reacting to detected damage events.  For 
example, a detected damage of a vehicle could change the operation in a way that reduces the 
load to the damaged component.  Furthermore, the reduction of damage progression by 
vibration damping or optimization of load flow can be considered.  This is regarded to be 
structural health control [5].  Also, more advanced solutions, such as self-healing and self-
repairing structures (known from today’s biology), are a future vision.  Progress in sensors, 
microelectronics and nanotechnology will push the integration of large numbers of sensors 
and sensor networks into materials and components in an economic way to develop a new 
generation of vehicles and industrial components. 
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