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Abstract. The paper describes the diverse research activities of the DLR in the topic 
of Structural Health Monitoring (SHM). SHM based on Lamb waves is a promising 
method for in-service inspection of aerospace structures without time consuming 
scanning like conventional ultrasonic techniques. Lamb waves propagate over large 
distances and can be easily excited and received by a network of piezoceramic 
actuators and sensors. Lamb waves are able to interact with structural damages due 
to their high sensitivity to discontinuities in materials. In principle different kinds of 
structural defects can be detected and located by analyzing the sensor signals. 

The activities at DLR are focussed on the visualisation of Lamb wave 
propagation fields based on air-coupled ultrasonic technique, the simulation of 
virtual sensors, mode selective actuators as well as manufacturing of actuator and 
sensor networks.  

 
 

1. Introduction 
Structural Health Monitoring (SHM) based on ultrasonic guided waves, so-called Lamb 
waves, is a promising method for in-service inspection of aerospace structures without time 
consuming scanning like conventional ultrasonic techniques. The implementation of SHM 
systems into aerospace applications enhances reliability, safety and maintenance 
performance as well as economic aspects. Lamb waves are able to propagate over long 
distances in plate-like structures with low attenuation and are highly sensitive to a variety 
of structural damages. Lamb waves are excited and received using a network of 
piezoceramic actuators and sensors which are permanently attached on the structure. By 
analysing the sensor signals different kinds of structural defects can be in principle detected 
and located [1], [2]. 

However, the presence of at least two Lamb wave modes (symmetric, S0, S1, S2,…, and 
anti-symmetric, A0, A1, A2,…, modes) at any given frequency, their dispersive 
characteristic and their interference at structural discontinuities produce complex wave 
propagation fields and sensor signals which are difficult to evaluate. Furthermore, discrete 
sensors provide only point information. An understanding of the complete wave 
propagation is not derivable out of these sensor signals. Therefore it is necessary to 
visualize the wave propagation in order to get a profound understanding of the propagation  
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of different Lamb wave modes and their individual interaction with defects. Usually this is 
done by scanning laser vibrometry [3]. The DLR has developed a new method using air-
coupled ultrasonic scanning technique, which will be presented in the second section. The 
third section describes the design and positioning of virtual sensors based on the scanned 
wave propagation field. By using this method different sensor layouts and positions can be 
compared and evaluated in order to optimize SHM systems. The 4th section presents the 
design and manufacturing of actuator and sensor arrays using piezocomposite technology. 
Compared to conventional piezoceramics this technology provides a higher reliability of 
actuator and sensor networks which is essential for industrial applications of SHM systems. 
To reduce the complexity of the wave propagation field by excitation of a particular Lamb 
wave mode section 5 describes the development and the manufacturing of mode selective 
actuators. This is followed by an experimental validation of the mode selective actuators on 
a CFRP plate (Carbon Fibre Reinforced Plastics). Finally, a conclusion of the paper and 
future activities are proposed in section 6. 
 

2. Air-coupled ultrasonic scanning technique 
At DLR the air-coupled ultrasonic technique is a well-established method for the inspection 
of CFRP structures. Therefore this technique has been combined with Lamb wave 
investigations in order to visualize the Lamb wave propagation field and its interaction with 
defects. Figure 1 shows the experimental set-up used for visualization of Lamb wave 
propagation fields. 
 

Figure 1: Experimental set-up for Lamb wave investigations  
based on air-coupled ultrasonic technique 

Figure 2: Schematic layout of 
volume data files 

 
In the presented set-up a piezoceramic actuator is applied on the lower surface of the 
specimen and operates as transmitter. A rectangle burst is used as excitation signal. Due to 
the harmonics of the rectangular signal the receiver signal is filtered to provide a narrow 
band signal. To receive the out-of-plane component of the Lamb wave propagation field an 
air-coupled ultrasonic sensor is moved in a meander-shaped track by a portal scanner. In 
addition to ultrasonic sensors, which have a relative narrowband characteristic with centre 
frequencies of e. g. 120, 200, 300 and 400 kHz, broadband capacitive sensors with a 
frequency range of 10 to 100 kHz can also be utilized. Because of the air-coupling as well 
as the mode conversion into longitudinal waves the amplitudes of the receiver signal are 
very low. Therefore ultra-low noise preamplifiers and a band pass filter on the receiver side 
are necessary. The further analogue signal processing, data conversion and scanner controls 
are provided by the ultrasonic system USPC 4000 AirTech (Ing.-Büro Dr. Hillger).  

During the scanning process the amplitude signal as a function of time (A = f(t)) is 
measured at each point in x- and y-direction of the scanning grid. Depending on the x- and 
y-coordinates the amplitude signals are recorded into a so-called volume data file 
(A = f(x,y,t)) which is schematically shown in Figure 2. This volume data file contains the 
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entire information of the Lamb wave propagation field so that several analysis tools can be 
calculated: 
 

- A-scan, amplitude signal as a function of time at specific x-y-positions 
- B-scan, amplitude signal as a function of time along an axis in x-y-plane 
- C-scan, two dimensional image of maximal amplitudes 
- D-scan, two dimensional image of time-of-flight  
- Video animation of the wave propagation 

 
Further analysis tools provide the measurement of specific Lamb wave modes 

regarding wavelength, phase and group velocity as well as signal attenuation. This 
measurement can be performed in different angles of the x-y-plane which is fundamental 
for the characterisation of anisotropic structures, such as CFRP. 
 

3. Virtual design and evaluation of sensors 
As described in section 2 the volume data file includes the entire information of the wave 
propagation field for a chosen excitation frequency. This volume data in combination with 
structure information can be used to simulate the signal of a sensor with known dimensions 
and behaviour as if it would be bonded on the structure surface. In this way it is possible to 
optimize the sensor design and network configuration (number of sensors and their 
positions) with higher time and cost efficiency. A patent for this method is under 
announcement [4]. 

The virtual sensor can be defined by a Graphical User Interface (GUI) of the in-house 
developed analysis software. After placing the virtual sensor on a position within a 
propagation snapshot, the software calculates the anticipated signal of an equivalent sensor 
by analysing the volume data file. Every imaginable layout can be simulated. The software 
considers different coupling techniques and sensor layouts. 
 

Figure 3: Snapshots of Lamb wave propagation field in an aluminium plate with different  
virtual sensors (left: S0 mode, right: A0 mode) and their calculated signals 
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Figure 3 shows an investigation of simulated sensors with an interdigital transducer layout 
for mode selection [5], [6]. Within this investigation an aluminium plate with the 
dimensions of 1000 x 1000 x 2 mm was used. A circular piezoceramic disc (PIC 255, PI 
Ceramic GmbH) with a diameter of 10 mm and a thickness of 0.5 mm was bonded on the 
plate centre. The piezoceramic is excited by a rectangle burst signal with a frequency of 
120 kHz. The Lamb wave propagation field is recorded with the air-coupled ultrasonic 
scanning technique, as presented in section 2. The wave propagation field is shown in 
Figure 3 for two different points of time (152.2 µs and 200 µs). The wavelengths of the 
excited Lamb wave modes are measured with the in-house developed analysis software. 
The procedure of the wavelength measurement is detailed described in [7]. The results 
show that the S0 mode propagates with a wavelength of 49 mm and the A0 mode propagates 
with a wavelength of 13 mm.  

Within the simulation two different virtual sensors are designed according to the 
wavelengths of S0 mode (Figure 3 - left) and A0 mode (Figure 3 - right). The width of each 
sensor is 60 mm. As a result of the simulation the calculated signals in Figure 3 show a 
high separation of both Lamb wave modes at the time of arriving at the sensor positions. 
 

4. Manufacturing technology of actuators and sensors 
In SHM application monolithic piezoceramic plates or disc are most commonly used for 
excitation and receiving of Lamb waves. A promising alternative to conventional 
piezoceramics is to utilize the piezocomposite technology to increase the reliability of 
brittle piezoceramics. Piezocomposites consist of piezoceramic materials embedded in a 
ductile polymer. Further components like electrodes, electrical contacts or insulators are 
also embedded into the composite. Within the embedding process the polymer is typically 
cured in a temperature range of 120°C to 180°C. Due to the different coefficients of thermal 
expansion of the polymer and the piezoceramic material as well as to the shrinking of the 
polymer during curing, the piezoceramic material is provided with a mechanical pre-
compression. This pre-compression protect the brittle piezoceramic material and allows 
bending loads on the piezocomposite which is essential for the application on curved 
structures. Further advantages of piezocomposites are defined electrical contacts, electrical 
insulation as well as high durability under variable environments. In recent years different 
configurations of this piezocomposite type have been designed and manufactured [8]. The 
principle design of the piezocomposite is shown in Figure 4. 
 

 
Figure 4: Schematic design of the 

piezocomposite [8] 
Figure 5: Actuator and sensor array applied  

on a CFRP structure 
 
A typical SHM system based on Lamb waves consists of a network with distributed 
actuators and sensors. The sensitivity of such a system depends mainly on the number of 
actuators and sensors. With an increasing number of actuators and sensors the sensitivity 
can be enhanced, but in contrast the integration of such networks into a structure becomes 
even more complex. This leads to a time-consuming and expensive manufacturing process 
of structures with an implemented SHM system. 
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To overcome this problem the DLR developed an actuator and sensor array for SHM 
applications based on the piezocomposite technology, as shown in Figure 5. The array 
consists of embedded piezoceramic actuators and sensors, flexible cables and integrated 
connectors. To reduce electromagnetic disturbance coaxial connectors are used in 
combination with an electromagnetic shielding concept of the integrated cables. In respect 
to different application requirements this technology allows the manufacturing of arrays 
with different configurations regarding array dimensions, number and shape of 
piezoceramics as well as connector type. Furthermore, the technology features all 
advantages of piezocomposites which are mentioned previously. 

The array prototype shown in Figure 5 consists of circular piezoceramic discs 
(diameter: 10 mm, thickness: 0.2 mm) and has a total length of 410 mm, a total width of 
85 mm and a thickness without the coaxial connectors of 0.5 mm.  
 

5. Design of mode selective actuators 
The presence of at least two Lamb wave modes at any given frequency and their 
interference at structural discontinuities produce complex wave propagation fields and 
sensor signals which are difficult to interpret. In order to reduce the complexity of the 
Lamb wave propagation field the DLR has been developed mode selective actuators which 
are able to generate a particular Lamb wave mode. This can be achieved by controlling the 
frequency as well as the wavelength of the desired mode within the excitation. An 
appropriate technical solution is to use monolithic piezoceramic plates with applied 
interdigitated electrodes, so-called interdigital transducers (IDT). The electrode 
configuration is made of two comb-like electrodes with opposite polarity, as shown in 
Figure 6. The electrode distance corresponds to the half-wavelength of the desired Lamb 
wave mode. The bandwidth and the effectiveness of the actuator regarding mode selectivity 
can be enhanced by apodization which is realized by varying the length of the electrode 
fingers. Starting point for the manufacturing of such interdigital transducer is a commercial 
available piezoceramic plate. In a first step the piezoceramic plate is additionally metallised 
with gold by a sputtering process. This procedure ensures wrap-around electrodes and thus 
the electrical connection from the upper side of the final actuator. In a second step the 
electrode structure is made by a laser ablation process. The laser parameters are adjusted to 
remove only the metallised layer and avoid mechanical damages of the piezoceramic. 

An alternative to the conventional interdigital transducer design is to utilize the 
piezocomposite technology, as presented in section 4. This actuator type consists of 
monolithic piezoceramic elements arranged in a distance of half-wavelength of the desired 
mode (see Figure 7). 
 

Figure 6: Mode selective Lamb wave actuator 
based on interdigital transducer design 

Figure 7: Mode selective Lamb wave actuators 
based on piezocomposite technology 
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To verify the mode selectivity performance of the actuators experimental tests on a quasi-
isotropic CFRP plate were carried out. This plate has dimensions of 1000 x 1000 x 2 mm 
and is made of 7 plies in a [(0/90)f/+45/-45/(0/90)¯¯¯¯ f]S configuration. Although the plate 
posses quasi-isotropic characteristics, it still exhibits anisotropy behaviour regarding the 
Lamb wave propagation field. The direction-dependent dispersion diagram of the CFRP 
plate is presented in . 

The plate was instrumented on the upper surface with a piezocomposite actuator, as 
shown in . The actuator is designed to attenuate the S0 mode and thus to amplify 
the A0 mode at a frequency of 40 kHz. Due to the investigat

[7]

Figure 7
ions presented in [7] the 

wav

 the half-wavelength of 
0 mm. Each actuator element is excited by a rectangle burst signal with 3 pulses, whereby 

the signal of adjacent elements has a 180° phase difference. In order to distinguish the S0 
ar piezoceramic sensors is collocated bonded on the 

elength of the A0 mode at 40 kHz is approx. 20 mm. The actuator consists of five 
piezoceramic elements (PIC 255, PI Ceramic GmbH) which have respective dimensions of 
50 x 8 x 0.2 mm. The distance between the elements corresponds to
1

mode from the A0 mode a pair of circul
upper and lower plate surface. These sensors are piezocomposites with an embedded 
circular piezoceramic disc (PIC 255, PI Ceramic GmbH) which has a diameter of 10 mm 
and a thickness of 0.2 mm. The distance between the actuator and the sensors was set to 
200 mm. The generation of excitation signals as well as the recording and analysing of 
sensor signals was done by the USPC 5000 Health-Monitoring-System (Ing.-Büro Dr. 
Hillger). The sensor signals are filtered using a 12th order band pass. 

In a first setup only the first element of the actuator was driven. The sensor signals in 
Figure 8 shows that the A0 and the S0 mode were generated in an amplitude ratio of 100 % 
to 11 %.  
 

Figure 8: Experimental set-up and sensor signal 
by driven the first element of the actuator 

Figure 9: Experimental set-up and sensor signal 
by driven all elements of the actuator 

 
In a second setup all elements of the actuator were driven. An apodization of each element 
was realized by individual signal adjustment. Figure 9 shows that the designed actuator can 
be sufficiently attenuated the S0 mode. The signal amplitude of the S0 mode is reduced to 
0.2 % in contrast to the amplitude of the A0 mode of 100 %. 
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6. Conclusion 
Structural Health Monitoring based on Lamb waves is a promising technology for in-
service inspection of aerospace structures. For the design of SHM systems in respect to 
different application requirements the visualisation of the wave propagation field is 
essential. As presented, the air-coupled ultrasonic scanning technique is a suitable 
met
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conversion of Lamb wave modes. 
 

Acknowledgement 
The DLR - Institute of Composite Structures and Adaptive Systems is involved in several 
National and European Projects on Structural Health Monitoring, e. g. in the European 
Project - Aircraft Integrated Structural Health Assessment II (AI

ect a SHM system for a large-scale composite sandwich structure (Tail boom of a 
Eurocopter EC 135) is investigated. Furthermore, the DLR performs basic research within a 
project of 
th

generation of Lamb waves in structures, Ultrason
6] Monkhouse, R. S. C., Wilcox, P. W., Lowe, M. 

structures using interdigital Lamb wave tran

, pp. 489–498, 1997 
., Dalton, R. P., Cawley, P.: The rapid monitoring of

art Materials and Structures 9, pp. 304

[7] Pohl, J., Mook, G., Szewieczek, A., Hillger, W., Schmidt, D.: Determination of Lamb wave dispersion 
data for SHM, 5th European Workshop on Structural Health Monitoring, Italy, 2010 

[8] Wierach, P.: Elektromechanisches Funktionsmodul, German Patent DE 10051784 C1, 2002 
 

7


