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Abstract 
Ultrasonic waves are widely used in nondestructive testing and in materials characterization. Guided ultrasonic 
waves are used to evaluate the properties of a thin layer. Dispersion should be understood in order to proper 
application of guided waves. In the present work, directional properties of Lamb wave propagation in anisotropic 
materials were investigated. A large aperture line focusing transducer was fabricated and used to generate and to 
receive a ultrasonic pulse on a [100], [110] and [111] silicon wafer [6]. The �岫�, �岻 graph was obtained from the 
waveforms acquired in the experiments and the dispersion curve was derived from calculations. As rotating the 
specimen, a dispersion curves in the propagation direction were determined. Simulation on Lamb waves on 
anisotropic plates were also carried out in order to compare with the experimental results. 
 
Keywords: Guided wave, dispersion, anisotropy, large aperture line focusing transducer 
 
1.  Introduction 
 
Ultrasonic waves are widely used in nondestructive testing for flaw detection in products and 
material characterization. Guided waves are preferably used to examine a thin plate or a 
layered material. In a thin layered material, the two surfaces work as a boundary between two 
different media and waves are reflected at the boundaries. The reflected and mode-converted 
waves are combined and formed an elastic wave across the plate; this is called the plate wave.  
Lamb wave is a kind of plate waves which is formed by addition longitudinal wave and 
perpendicular transverse waves. Lamb waves have numerous modes. The mode of guided 
waves is defined by the frequency of the waves, the thickness of the plate and the incident 
angle. The phase velocity and group velocity differ depending on the mode. Such curves play 
the most important role in quantitative analysis of guided waves [1].  
 
In order to apply guided waves to real problems, it is required to understand the dispersion of 
the waves thoroughly. If the wave is dispersive, the waveform changes as the guided waves 
propagate, so that it is harder to measure the velocity of the wave. For calculating the velocity 
of a wave without dispersion, one of the most widely used methods is the time-resolved 
method. Based on the fact that the time gap between the wave that is reflected perpendicularly 
from the surface and the wave that propagated through the specimen is proportional to z - the 
distance between the focus of the transducer and the surface of the plate. By controlling z and 
measuring the time interval, finding the velocity of the curve is only simple calculations. 
However, for dispersible waves, a more complicated method is required. There have been 
many preceding research about �岫�岻 and �岫�, �岻 graphs [2-5], but they were mostly limited to 
isotropic specimens.  
 
In the present work, directional properties of Lamb wave propagation in anisotropic materials 
were investigated. A large aperture line focusing transducer was fabricated and used to 
generate and to receive a ultrasonic pulse on a [100], [110] and [111] silicon wafer [6]. The �岫�, �岻  graph was obtained from the waveforms acquired in the experiments and the 
dispersion curve was derived from calculations. As rotating the specimen, a dispersion curves 
in the propagation direction were determined. Simulation on Lamb waves on anisotropic 
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plates were also carried out in order to compare with the experimental results.  
 
2. Theory and Experimental setup 
 
2.1 Crystal structures of Silicon 
 
Silicon is one of well-known anisotropic material with different physical properties by 
direction. The cubic structures of silicon wafer such as [100], [110] and [111] change by the 
direction of division. Figure 1 shows cubic structure of [100], [110] and [111] silicon crystal. 

 
Figure 1 Cubic Structure of [100], [110] and [111]. 

 
2.2  large aperture line focusing transducer 
 
Large aperture line focusing transducer (LALFT) was employed to generate and to detect 
lamb wave. PVDF film of 26 μm thick was used to fabricate LALFT. The time domain 
waveform and frequency spectrum of pulse-echo signal of fabricated LALFT is shown in 
Figure 2. 
 

 
Figure 2 Typical pulse-echo signal of fabricated LALFT. (a) Time domain waveform and (b) its frequency 

spectrum. 
 
2.3 Experimental setup 
 
Figure 3 shows schematic diagram of measuring system. Two motors are used in this system. 
Motor 1 moves transducer up and down in order to change defocusing distance, �. Motor 2 
rotates the specimen in order to change the propagation direction in the specimen. Three 
silicon wafers of [100], [110] and [111] with diameter of 100mm, thickness of 0.5 mm were 
under interrogation in the present work.  
 



 
Figure 3 Schematic diagram of experimental setup 

 
2.4 Processing time domain waveform 
 
Since lamb wave is dispersive, complicate waveform processing is essential to estimate its 
velocity. Lamb wave is generated at certain angle that satisfies condition of phase matching as 
shown in Figure 4. There are numerous angles satisfying this condition therefore waveform 
contains numerous frequencies. Thus, it is required to select proper frequencies and calculate 
phase velocity of lamb wave at the certain frequencies. FFT (Fast Fourier Transform) is used 
to select proper frequencies. 
 

 

Figure 4 Lamb wave propagation. 
 �岫�, �岻 graphs were obtained for selected frequencies. �岫�, �岻 graph has a constant period, 
and phase velocity of Lamb wave for selected frequency can be determined from this period. 
Some frequencies generate only one mode while other frequencies generate several modes. 
Each mode has different phase velocity, so �岫�, �岻 graph of this case has several periods. FFT 
analysis can separate each periods of �岫�, �岻 graph, and phase velocity of each mode can be 
determined. Finally dispersion curve can be determined from the �岫�, �岻 graphs. 
 
Dispersion curve is dependent on the propagation direction in anisotropic materials. Thus, 
dispersion curves in each propagation directions should be drawn and 3-dimensional graph 
can be drawn from these graphs. Nevertheless, it is not easy to analyze, therefore simpler 
graph is used in this paper. If phase velocity is calculated only at a certain frequency, 2-
dimensional graph is drawn finally although each propagation direction is considered. This 



graph can be compared with the result of computer simulation. 
 
2.5 Simulation 
 
PZFlex which is based on FEM(Finite Element Method) was used in experiment. 20 mm 
square plates with 0.5mm of thickness were under the simulation. In order to simplify the 
simulation, one cycle of 10 MHz sine wave is applied center of specimen. Stiffness tensors for 
materials were used values as follows: 

<silicon 100> (GPa)    <silicon 110> (GPa)      <silicon 111> (GPa) 

(  
 なはは はね はね ど ど どはね なはは はね ど ど どはね はね なはは ど ど どど ど ど ぱど ど どど ど ど ど ぱど どど ど ど ど ど ぱど) 

   (  
 なひの はね ぬの ど ど どはね なはは はね ど ど どぬの はね なひの ど ど どど ど ど ぱど ど どど ど ど ど のな どど ど ど ど ど ぱど) 

  (  
 なひの のね ねの −なぬ.ば ど どのね なひの ねの なぬ.ば ど どねの ねね.はば にどの ど ど どど ど ど はな ど どど ど ど ど はな −なぬ.ばど ど ど ど −なぬ.ば ばど )  

 
 

 
 
3. Results 
 
3.1 Simulation in silicon wafer 
The frequency of incident wave in simulation is 10MHz. In order to investigate anisotropic 
propagation, history program saves change of acoustic pressure according to time in the fixed 
coordinate as shown in Figure 5. Point 1 is the origin of impulse shown in Figure 6, points 2 
and 3 are on the horizontal axis and points 4 and 5 are 45° direction from the horizontal axis. 
 

                             

Figure 2 Five points in silicon wafer.                          Figure 6 Waveform of impulse at point 1. 
 
Simulation results of [100] silicon plate are shown in Figure 7. Acoustic pressure graphs 
according to time are also shown in Figure 8. 
 

           
 

Figure 7 Propagation of waves in [100] silicon plate. 



 
Point 2   Point 3   Point 4   Point 5 

 
Figure 8 Acoustic pressure graphs in silicone [100]. 

 
Simulation results of [110] silicon plate are shown in Figure 9. Acoustic pressure graphs 
according to time are also shown in Figure 10. Propagation of ultrasonic wave in silicon [110] 
was complicated initially, but it looks like a rectangle with symmetry to x, y-axes. 
 

           
 

Figure 9 Propagation of waves in [110] silicon plate. 
 

 
Point 2   Point 3   Point 4   Point 5 

 
Figure 10 Acoustic pressure graphs in silicone [110]. 

 
Simulation results of [111] silicon plate are shown in Figure 11. Acoustic pressure graphs 
according to time are also shown in Figure 12. Propagation of ultrasonic wave in silicon [111] 
looks like a triangle with symmetry. 
 

           
 

Figure 11 Propagation of waves in [110] silicon plate. 
 



 
Point 2   Point 3   Point 4   Point 5 

 
Figure 12 Acoustic pressure graphs in silicone [111]. 

 
 
3.2 Analysis of waveform in silicon wafer 
3.2.1 100 Si wafer 
Throughout the experiment on Si wafer, the results were given as a figure. 
The properties of silicon 100 was obtained by rotating the transducer with 18 degrees. The 
peak point moved while rotating the silicon wafer. 
The moving period was about 90 degrees. 

 
Figure 14 FFT of  �岫�, �岻 for [100] silicon wafer. 

  



3.4.2 110 Si wafer 
The moving period was about 72 degrees. 

 

 
Figure 15 FFT of  �岫�, �岻 for [110] silicon wafer. 

 
3.4.3 111 Si wafer 
The moving period was about 60 degrees. 

 
Figure 16 FFT of  �岫�, �岻 for [111] silicon wafer. 

 



4. Conclusion 
 
 The phase velocity of lamb wave in silicon wafer [100],[110], and [111] are obtained.  
Using the propagation characteristic of the ultrasonic wave depends on the crystal orientation 
of silicon crystal will be clear to the anisotropic direction of the plate. Simulation results using 
a PZFlex was less out yet, but the results are compared with experimental data showing the 
nail bojineun Lamb waves propagated in the silicon plate a visual appearance success to draw 
a graph of the sound pressure at a certain point. 
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