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Abstract 
Lamb waves are promising for Structural Health Monitoring (SHM) in plate-like components from carbon fiber-
reinforced plastics (CFRP). They may be excited and received by plane piezoelectric actuators embedded or 
attached to the material. Several Lamb wave modes are known, among them the basic symmetric and anti-
symmetric mode. Under certain circumstances these modes may convert into each other. This conversion may be 
used as an indication of defect presence and for defect characterization. The paper focuses on the conditions of 
Lamb wave conversion at defects and internal material structures. So, the cases of local defects as potential 
sources of mode conversion are regarded and the phenomenon of continuous mode conversion (CMC) in CFRP 
and current results of its characterization will be presented. 
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1. Introduction 
 
The requirements for lightweight constructions are continually increasing. In order to open up 
the full potential of such structures, new safety and maintenance concepts are needed. Current 
research focuses on integrated systems for structural health monitoring able to detect 
structural damage without external inspection. These integrated systems ensure high level 
security of lightweight structures and allow for damage-based maintenance concepts meeting 
the growing economical demands. 
 
The detection of hidden damages in thin fiber composites by integrated sensors is subject of 
intense international research [1, 2]. Especially for fiber composite structures integrated 
monitoring gains importance because of the risk of externally invisible damage in the 
laminate. Lamb waves are a promising approach for structural health monitoring (SHM) of 
aerospace systems. These elastic ultrasonic waves occur in thin plate-like structures. They are 
characterized by low material attenuation [3] and high interactivity even with small damages 
due to their small wavelength [4]. Therefore, Lamb waves are interesting for monitoring of 
light weight CFRP (carbon fiber-reinforced plastics) structures, e.g. airplanes, because large 
surfaces may be monitored with a low number of sensors and actuators.  
However, Lamb waves are of complex nature particularly in CFRP materials. They are 
dispersive and exist in at least two basic modes, a symmetric (S0) and simultaneously an anti-
symmetric (A0) mode. At higher frequencies higher order modes occur [5, 7] and under 
specific conditions the modes may convert into each other.  
Most often piezoceramic sensors and actuators are used for transmitting and receiving Lamb 
waves [3]. Our investigation addresses the understanding of Lamb wave propagation and 
interaction with the material, its geometry and its defects. 
 
 



2. Structural health monitoring 
 
Commonly SHM systems combine CFRP material with piezoceramic sensors/actuators to 
assess the structural health. 
All methods based on structure mechanical approaches, i.e. modal or eigenfrequency 
methods, are limited to low frequencies merely allowing for global structural assessment at 
comparable low sensitivity [4].  
Besides these global methods Figure 1 presents different measurement concepts, namely an 
impact sensor (upper left), active (lower left) or passive (upper right) Lamb wave methods 
and impedance sprectroscopy (lower right). 
Impedance spectroscopy and Lamb wave techniques are used at higher frequencies resulting 
in higher sensitivity. Their range of interaction is limited to some tens of centimeters and suits 
for monitoring of critical regions. 
Passive methods like impact sensing or acoustic emission merely use the elastic waves 
emitted by impact events or growing defects. Active methods base on transmitting standard or 
controlled signals for detection of defects and their characterization [5].  
 

 
 

Fig. 1: Different SHM methods basing on elastic waves 
 
 
3. Propagation of Lamb waves 

3.1 Visualizing Lamb waves 
 
Different methods are known to visualize acoustic surface waves. The most popular setup 
uses a scanning laser vibrometer picking up the out-of-plane component of the surface 
displacement or velocity [6]. Figure 2 shows this setup schematically. To improve the optical 
reflectivity of the surface it is covered by a retro reflective film reflecting most of the laser 
light back to its origin. The edges of the CFRP plate are damped with silicone to reduce edge 
reflection of the Lamb waves.  



 
Fig. 2: Experimental setup of Lamb wave visualization 

3.2 Dispersion of Lamb waves 
 
Two basic Lamb wave modes are spreading in plates known as symmetric and anti-symmetric 
mode. Above certain values of the frequency-thickness-product higher Lamb wave modes 
may exist. Furthermore, Lamb waves are dispersive, e.g. their propagation velocity depends 
on their frequency [8].  
Figure 3 displays Lamb waves in a strip of CFRP. At 15 kHz only the basic anti-symmetric 
mode (A0) may be observed. At higher frequencies also the symmetric mode (S0) becomes 
visible [9]. 
 

 
Fig 3: Lamb wave propagation in a strip of CFRP with continuous excitation 

 
For identification of these modes CFRP plates of different layup have been investigated at 
different frequencies. The results are summarized in the normalized dispersion diagram in 
Figure 4 indicating the two basic modes and some higher symmetric and anti-symmetric 
modes. The high degree of alignment of the dispersion curves of differently stacked plates 
(shown in different colors) is worth to be noticed [9]. 



 
Fig. 4: Comparison of dispersion curves of two quasi-isotropic CFRP plates: 

First plate: 7 layers, thickness 2 mm [(0/90)f /+45/-45/(0/90)f ]s  
Second plate: 13 layers, thickness 4 mm [(±45)f /90/-45/0/-45/90/45]s 

3.3 Edge reflection 
 
The wave fields in a quasi-isotropic CFRP-plate for three different excitation frequencies are 
shown in Figure 5. At the left side of each image the reflection of A0 and S0 may be observed. 
In the frequency range of exclusive existence of basic modes no mode conversion takes place.  

 

 
Fig. 5: Edge reflection of A0 and S0 mode in a quasi-isotropic CFRP-plate at three frequencies 

 



 
4. Mode conversion at local inhomogeneities 

4.1 Mode conversion at artificial inhomogeneities 
 

The interaction of Lamb waves with defects is of major significance for SHM-concepts. In 
principle, this interaction is characterized by reflection, transmission and mode conversion. In 
particular, the mode conversion processes offer potential for further defect characterization. 
The laser vibrometric mapping of Lamb wave interaction with artificial and natural defects 
opens up chances for their fundamental analysis. Artificial defects are best suited for 
quantitative evaluation.  

Typical artificial defects of high repeatability are flat bottom holes and grooves. Not only 
defects but also other piezoelectric elements are interacting with Lamb waves. Figure 6 shows 
some of these obstacles. 

 
Fig. 6: Flat bottom holes, groove and piezoelectric elements as wave obstacles   

 
Figure 7 shows the occurrence of S0 to A0 mode conversion. The fast S0 mode produces 
longer wavelengths than the slow A0 mode. This wavelength is well suited for wave mode 
identification. When the long waves of the S0 mode cross the obstacle, they are partially 
converted into the short waved A0 mode. This way, if it would be possible to generate pure S0 
waves by a suited exciter, the occurrence of A0 waves could be an indication of the existence 
of a local inhomogeneity. 

 
Fig. 7: Wave propagation and S0-A0 mode conversion of 100 kHz burst excited Lamb waves. Left: flat bottom 

hole, middle: flat bottom groove, right: passive piezoelectric element 
 

4.2 Conditions for local mode conversion 
 
Analytical and numerical calculations could give evidence, that only non-symmetric defects 
according to the mid-plate plane can produce mode conversion. Figure 8 shows model 
approaches using semi-analytical Finite Element Method (SAFE) [10, 11]. SAFE describes 
the Lamb wave propagation in an infinite plate and combines an analytical approach in plate 



direction with a finite element approach across the plate. At defects and boundaries of the 
finite element region SAFE is combined with standard finite elements.  

 
Fig. 8: Numerical modeling as combination of semi-analytical finite elements (SAFE) and FEM [10]. 

 
A mode conversion takes place if the symmetric displacement of the S0 mode in thickness 
direction causes an anti-symmetric displacement in the thickness direction and vice versa 
[13]. 
Therefore, for mode conversion it is imperative, that the Lamb wave crosses a non-symmetric 
defect. On the other hand, mode conversion is impossible at symmetric defects. This is the 
reason for the absence of mode conversion at vertical edges in Figure 5.  
 
5. Continuous mode conversion 
 
Table 1 presents the layup of a CFRP plate including some twill fabric layers. The 
piezoelectric wave source is applied in the center at the bottom surface of the plate and has 
been driven at a frequency of f = 200 kHz.  
 

Table 1: Layer setup of the CFRP plate (1 m × 1 m × 2.02 mm) [9] 

layer Orientation [◦] type layer thickness [mm] 
1 0/90 twill fabric 0.4 
2 +45 UD layer 0.25 
3 -45 UD layer 0.25 
4 0/90 plain fabric 0.22 
5 -45 UD layer 0.25 
6 +45 UD layer 0.25 
7 0/90 twill fabric 0.4 

 
Figure 9 shows the C-scan of this undamaged CFRP plate. The x1-axis corresponds to the zero 
degree orientation of the CFRP plate. It can be seen that two primary modes occur, a fast S0 
mode (long wavelength) and a slower A0 mode (short wavelength). 
Due to their different velocities the modes already appear separated. The term primary 
indicates that both modes are excited directly by the piezoelectric actuator in the center of the 
plate. Reflected or converted modes are named in a different manner. For the presented scans 
only the out-of-plane displacement is shown. Additional  in-plane measurements using a 3D 
laser scanning vibrometer did not improve the identification of the S0 mode. 



 
Fig. 9: Lamb wave propagation in a CFRP plate at f = 200 kHz, excited by an actuator in the center of the 

scanned area (300 mm × 250 mm) 
 
Inside the S0 wave field unexpected waves occur not excited by the source. These new waves 
are characterized by plane wave fronts being nearly parallel to each other. The orientation of 
these  wave fronts depend on the region where the waves arise. In the bottom left of Figure 9 
the different orientation between two wave fronts is shown. In addition, the new waves do not 
occur everywhere in the plate. At 200 kHz neither in the upper left nor in the lower right 
regions no new waves can be observed. Nevertheless, these “quiet” regions change with Lamb 
wave frequency. All investigated frequencies show that the orientation of the wave front 
remains similar. The experimental data have been recorded between 100 kHz and 350 kHz 
with a frequency increment of 25 kHz. Measuring the CFRP plate, the new mode has been 
observed first at 150 kHz. Smaller frequency steps have been applied to figure out the first 
appearance of the new waves. It started at 138 kHz and could be observed over the whole 
investigated frequencies range up to 350 kHz. The length and accordingly the velocity of the 
these waves correspond to those of the A0 mode.  
A part of the C-scan was transformed into a B-scan. The time-amplitude data of each point is 
plotted side by side as illustrated in Fig. 10. The heights of the amplitudes at a specific time 
and position are visualized by a false color scale. Dark blue illustrates negative and bright 
blue positive amplitude values. 

 
Fig. 10: Analysis of the new mode at f = 200 kHz 

 
If a Lamb wave is excited by a burst signal, at least two primary groups of waves travel at 
different velocities through the plate and will separate from each other. The B-scan displays 



the movement of these groups by oblique parallel lines. The inclination of the lines 
corresponds to the group velocities of the excited modes. The dominant lines with the highest 
amplitudes correspond to the central frequency of the burst signal. Smaller angles between the 
lines and the x1-axis correspond to a higher velocity. Therefore, the upper lines correspond to 
the S0 mode, whereas the lower lines belong to the anti-symmetric A0 mode. 
If we start at the origin of the coordinate system corresponding to the source and use a line 
which has the inclination of the A0 mode we get the position corresponding to the primary A0 
mode in the B-scan. It must be noted that the A0 mode is highly dispersive. The group velocity 
of the A0 mode varies for different frequencies. In reality a mono-frequent excitation is not 
feasible and A0 modes with different group velocities are excited. In dependence on the 
bandwidth of the excitation signal multiple A0 modes are included in one group. Some of 
these modes travel faster than the group velocity of the chosen excitation frequency. 
However, these faster parts of the group are created inside the original A0 mode group and 
have a higher velocity. 
However, the B-scan shows lines between the primary A0 and S0 modes, which start inside the 
S0 mode lines. The inclination of these lines equals that of the A0 mode lines. Therefore, this 
mode has to be created continuously by a mode conversion from S0 to A0 mode. The B-scans 
of other frequencies are analyzed in [12] and show quite similar effects. This effect is called 
Continuous Mode Conversion. 
 
This phenomenon of continuous mode conversion (CMC) firstly has been described in [13]. It 
is of significant influence not only on the measurement itself but also on lamb-wave-based 
SHM systems for CFRP because of the primary mode energy reduction and the generation of 
new modes normally arising from defects.  
 
This kind of mode conversion until now only could be observed at laminates including fabric 
layers. That is why the authors regard these layers as sources for CMC. Most intensive CMC 
could be observed at twill fabric. 

 

   
 
Fig 11: Numerical model of single layer squared twill fabric cell showing wave propagation at 250 kHz. Size of 

the model: 32 x 32 x 2 mm 
 

For understanding the experimental results, a representative part of twill fabric has been 
modeled numerically. Figure 11 shows a simplified ABAQUS model and its result. The 
occurrence of the A0 mode outside of the primary A0 mode may be confirmed clearly, but the 
orientation of the converted wave field does not match the experimental results. Further 
investigations are necessary. 



 
6. Conclusion 
 
The paper discusses local and continuous conversion of Lamb wave modes in CFRP. Local 
inhomogeneities only cause mode conversion if they are non-symmetric according to the mid-
plate plane. Consequently, plane edges do not cause mode conversion.  
The described phenomenon of continuous mode conversion occurs in laminates partially 
consisting of fabric layers. Twill fabric shows most intensive conversion. Even a most 
simplified numerical model of this fabric brings up mode conversion products but does not 
meet all details of the experimental results.  Similar effects happen [14] in other composites 
and should be considered in the SHM design. 
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