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Abstract.  
 The paper presents a novel, lightweight and thin transducer for generation of in-
plane surface tractions. The tractions are arranged such that dominantly shear 
horizontal (SH) elastic waves are generated in bulk materials as well as in waveguides. 
The transducer is most appropriate for applications where low mass and small sensor 
dimensions are desired.  
 The transducer is based on piezoelectric fibre patches (PFP). Its operation is 
presented for the selective generation of SH0 elastic wave fields in a plate. Both 
modelling and 3D-Laser Doppler Vibrometric measurements demonstrate the 
dominance of the SH0 mode. The agreement between modelling and measurement is 
fairly good. Slight deviations are attributed to deficiencies in the experimental 
realization of the complex transducer.   
 We realized also a simplified version of an SH-PFP transducer and verified its 
operation. There is a perfect agreement of this simplified SH-PFP experimental with 
the corresponding modelling results.  

1. Introduction  

Elastic waves in solids interact with scatterers and structural features, thus carrying 
information about the presence of defects and structural changes. Transmission of elastic 
waves by one transducer and detection of the scattered wave by the same or another 
transducer is widely used in Non-destructive Testing (NDT) of materials and in Structural 
Health Monitoring (SHM). Relevant wave modes in isotropic bulk materials are longitudinal 
and shear waves which can be polarized vertically or horizontally with respect to the surface 
where they are generated. Guided elastic waves in plate- and pipe-like structures are a 
superposition of several - in general dispersive - wave modes of the Lamb wave and shear 
horizontal (SH) wave type. Horizontally polarized shear waves as the SH0 plate wave and 
the SH wave in isotropic solids have several advantages: they are dispersion-free and don’t 
undergo mode conversion while reflected at a parallel back wall. For generation of SH waves, 
electromagnetic acoustic transducers (EMAT) are commonly used as well as piezoelectric 
and magnetostrictive transducers. All these types are rather bulky and heavy, either due to 
the need of a backing material or of strong magnets.  

Recently a new SH wave transducer was proposed and its operation was demonstrated 
by modelling of the waves generated in a simple plate [8]. This transducer is based on 
piezoelectric fibre patches (PFP). The operation of the SH-PFP transducer could be verified 
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by 3D laser vibrometric measurements [2, 9] of the wave fields generated in an experimental 
set-up [6]. A direct comparison of simulation results and the actual measured wave fields in 
exactly the same configuration showed agreement in the main characteristics but revealed 
also slight asymmetries in the experimental wave fields which are not present in the 
simulations [4]. We assume that the transducer set-up is imperfect and this leads to the 
mentioned asymmetry in some wave field details. Nevertheless the SH wave is pronounced 
in the experimental wave field and it is mainly undisturbed in agreement with the modelling 
results. It is the aim of this paper to have a closer look at the transducer performance when 
we simplify its structure leading to an even stronger transducer asymmetry. The question is 
whether the simplified version still produces strong SH waves.  

In section 2 we repeat for reference shortly the principles of operation of the SH-PFP. 
This section follows in parts the description in a previous paper [4]. 

2. Piezoelectric Fibre Patches for Generation of Shear Horizontal Waves  

1.1 Transducer Types and its Surface Tractions 

Let us discuss the transducer operation principles for the transmitting case. For piezoelectric 
transducers the receiving operation is coupled strongly to the transmitting operation by the 
reciprocity principle [1] so the obtained conclusions are also valid for the transducer as a 
receiver. A transducer can generate an elastodynamic wave field in various different ways. 
The piezoelectric transducers considered here are usually coupled onto a surface of the 
specimen and generate surface tractions. The transducer operation depends strongly on the 
surface traction vector, its time and spatial behaviour. In Fig. 1 an overview is given of some 
of the surface traction distributions, which can be applied by piezoelectric materials on an 
object surface. 

Let us discuss some of the examples. Fig. 1b corresponds to a piezoelectric disc 
operating in the thickness mode. This mode is realized in a conventional NDT normal probe 
for longitudinal waves. Beside the piezoelectric disc these probes usually also contain a 
backing medium behind it. Without such a backing, the disc would vibrate with a free 
backside, and the normal forces in the transducer/sample interface would be balanced only 
by the accelerating forces of the disc itself. These forces are relatively small and so are the 
normal forces in the interface. The backing is essential but makes this arrangement heavy. 

In contrast to this, the arrangement of Fig. 1a does not need a backing. The surface 
tractions are such, that the sum over all forces is zero. There is no need of an external force 
to balance the sum of forces. That is why these piezoelectric wafers are efficient without a 
damping and are therefore applied widely in SHM applications. The same holds for Fig. 1e. 
Piezoelectric fibre patches introduce surface tractions only in fibre length direction. But 
again, the integral over all tractions is zero and no external balancing force is necessary. 
These fibre patches are also lightweight. 

We are interested in excitation of shear horizontal waves, e.g. propagating in the y 
direction and polarized in the x direction. So we need surface tractions pointing in ± x 
direction and varying in the y direction. The simplest idea is to use a piezoelectric layer 
excited in shear mode. That is known from NDT shear wave transducers for normal incidence 
(Fig. 1c). But the forces of such a layer are not balanced and therefore there is usually a 
backing mass in the NDT shear wave transducers. Kamal [3] proposed to use such a 
transducer without a backing mass to generate SH waves for SHM applications. How 
efficient this approach can operate, remains to be investigated. 

It would be much more efficient, to excite a piezoelectric layer in an “in-plane shear” 
as indicated in Fig. 1d. By following this principle the total force of the tractions is again 



3 

zero allowing efficient operation without additional inertial mass. Unfortunately, for 
piezoelectric ceramics both the polarization and the electric field have to be in plane and 
perpendicular to each other, to generate an in-plane shear. This seems to be difficult to realize, 
and indeed no such arrangement was demonstrated so far to the best knowledge of the 
authors. 

 
 
 

a) 3t-mode 

 

b) 33-mode c) 35-mode 

 
d) 16-mode 

 

 
e) 11-mode 

 

Fig. 1. Surface tractions on a waveguide, exerted by applied piezoelectric wavers. For each situation the 
surface tractions are indicated by arrows in the top image and in the crosssection (through the waveguide 
plus transducer) in the bottom image. For the notation of the modes see [4]. To exert significant tractions an 
inertial mass (dark blue) has been added in some of the arrangements. The main wavemodes generated in the 
waveguide are also indicated by dotted lines. Reprinted from [4] with permission from Elsevier.  

1.2 The Shear Horizontal Piezoelectric Fibre Patch (SH-PFP)  

Piezoelectric fibre patches and its application for guided wave generation and reception are 
described in several papers [7, 5]. We will not repeat here the function in detail but mention 
only the main concept. The idea is to excite a layer of piezoelectric fibres to extension and 
compression by electric fields coupled in the fibre in its length direction. To get enough 
electric field strength for a given voltage, a comb like electrode structure is applied. The 
voltage at adjacent electrodes is alternating giving alternating orientation of the electric fields 
along the fibre length direction. Also the polarization in the fibre is alternating with the same 
pattern. So the whole fibre is either extending or compressing (the electric field being parallel 
or antiparallel to the polarization over the whole fibre). Usually the fibres are orientated along 
the larger side of the patch and the electrodes are perpendicular to the fibres (Fig. 2a). This 
leads to an extension/compression of the patch along its larger side and - when glued to a 
material - the introduction of stresses at the end of the fibres parallel to the length direction.  
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a) 

 
 

b) 

 

 
c) 

 

 
d)  

 

Fig. 2. (a) Fibre (yellow) and electrode (blue and black) arrangement in a “normal” piezoelectric fibre 
patch, the stresses are generated at the end of the fibres or at the end of the area where the electric field is 
introduced. 
(b) (c) Two arrangements where the fibres and electrodes are rotated by 45°. The directions of the 
extension and/or compression is correspondingly also at 45°. 
(d) Lamination of two patches on top of each other. The sign of the voltages in one of the patches (here the 
sign of (b)) is changed, the resulting tractions of both patches are indicated by blue arrows. 
Reprinted from [4] with permission from Elsevier.  
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Fig. 3. Time snapshots of the guided wave field in a 1000 x 1000 x 2 mm³ steel plate at time 74,8 µs after 
start of the excitation by a stacked SH-PFP. Left column: 3-D EFIT simulation. Right column: 3-D 
vibrometric measurement. Top row: vx component, middle row: vy component, bottom row: vz component. 
The dotted square in the left column indicates the size of the actual measurement area (right column). The 
rectangle in the center of the simulation snapshots indicates the size (48 x 15 mm²) and position of the SH-
PFP. The grey scale in the three rows was adapted in order to show more details of the particular wave 
field. The primary SH wave in the first row is therefore much larger than the secondary modes shown in 
rows 2 and 3. Reprinted from [4] with permission from Elsevier.  

The idea of the shear horizontal patch is to rotate the fibre orientation. Then the strain 
of the patch is also rotated, i.e. it is orientated at 罰45° with respect to the patch boundaries. 
By superposing two of such PFPs with orthogonal fibre direction, a pure shear deformation 
can be generated (Fig. 2d). That is exactly what is needed for an effective generation of SH 
waves (see Fig. 1d).  
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3. Wave Modes Exited by the SH-PFP in a Steel Plate.  

Fortunately, fibre patches according to the Figs. 2b and 2c are available on the market. We 
used an M-4815-F1 MFC transducer from Smart Material GmbH, Dresden. These patches 
were coupled to a laminate by viscous coupling with bee honey. In this manner a patch 
according to Fig. 2d was realized with the only drawback, that both layers are separated by 
the patch thickness of about 300 µm and the coupling layer. Also the upper patch (further 
away from the surface) has to couple its force through the additional viscous layer and 
therefore some asymmetry of the resulting surface tractions can be expected.  

We modelled the generated wave field by the 3-D elastodynamic finite integration 
technique and compared the results with the wave field measured by 3-D laser vibrometry 
(Fig. 3). As already discussed in [4], many wave field features in the model are in good 
agreement with the measurement: there are pronounced SH waves travelling in the ±y 
direction and also S0 and A0 mode contributions. But there are manifest symmetries in the 
simulation results, which are not fully reproduced in the experimental results. Consider the 
images for vy and vz and the S0 mode for a mirror operation of the x axis: S0 shows strong 
antisymmetry in modelling; this antisymmetry is not visible in the experimental snapshots. 
When consider the same for vx, the modelling shows symmetry, whereas the experimental 
data give some deviation from this symmetry.  

What could be the reason of that difference between modelling and the experiment? 
There must be a substantial deviation of the experimental arrangement from the assumed 
symmetry of the ideal operation assumed in modelling. As already discussed above, the 
simplest explanation is, that the PFP being on top of the laminate does not contribute as much 
to the resulting field as the PFP below. The stresses of the upper patch must be transferred 
through one more gluing layer and also through the patch below. Even with that asymmetry 
in the experimental set up the SH mode is nearly as strong as in the simulation. So the 
question arises, what happens if we weaken the influence of the upper part even more by just 
removing it and use only one patch (e.g. the one according to Fig. 2b). This will be considered 
in the next paragraph. 

4. Simplified SH-PFP Version 

Initiated by the noted asymmetry in the measurements and the still good results concerning 
the generated SH wave the idea of a much simplified arrangement was tested. We use now 
only one of the patches. Again modelling was performed and experimental waveforms were 
measured for the identical situation. The results are presented in Fig. 4. We observe now an 
amazing agreement in the overall picture and also in nearly all of the details.  

There is still a strong SH0 contribution which is visible as a clear wave train in the vx 

snapshot traveling in the ±y direction. Its character as SH wave is confirmed by its total 
absence in the vz snapshots. An S0 mode is now generated only for the +135° and -45° 
direction. It is clearly visible in the snapshots of vx and vy but only weakly in the vz snapshot 
as expected. Again the A0 mode is rather weak and best visible in vz. Even some details as 
branching in some wave trains (see the white arrows in the vz snapshots) are identical in the 
modelling and the measurement. 

We compared the amplitudes of the SH mode obtained in modelling of the simplified 
patch with that of the idealized laminated two layer patch. For the ratio we got about a factor 
of 0.5. That means the simplified SH-PFP emits only about 50% of SH mode amplitude 
compared to the SH-PFP. The same holds for the mode selectivity, since the maximum 
amplitude of the parasitic (unwanted) S0 and A0 modes does not necessary decrease. 
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Fig. 4. Time snapshots of the guided wave field in a 1000 x 1000 x 2 mm³ steel plate. Same conditions as in 
Fig. 3 but the fiber patch consisted of only one layer, orientated as in Fig. 2b. The arrangement of the images 
is identical with that of Fig. 2 (Left column: 3-D EFIT numerical simulation. Right column: 3-D vibrometric 
measurement; top row: vx component, middle row: vy component, bottom row: vz component). The dotted 
square in the left column indicates the size of the actual measurement area (right column). The rectangle in 
the center of the simulation snapshots indicates the size (48 x 15 mm²) and position of the SH-PFP. The grey 
scale in the three rows was adapted in order to show more details of the particular wave field. The primary 
SH wave in the first row is therefore much larger than the secondary modes shown in rows 2 and 3. 
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5. Summary and Conclusions 

We continued the work on a novel PFP transducer concept for selective SH0 mode generation. 
Starting from some asymmetry of the S0 mode in the measured wave fields when compared 
to the simulated wave fields it was concluded that the upper PFP in the laminate does not 
contribute equally. Exactly this equal contribution was assumed in the modelling. But the 
still good performance regarding the SH0 mode motivated us to investigate the behaviour of 
only one PFP omitting the upper PFP totally with the intention, to prove the assumptions 
more directly.  

As hoped the SH0 mode of the simplified SH-PFP version is still strong and the 
agreement between the modelling and simulation is now nearly perfect. We conclude that 
our previous assumption about the weaker influence of the upper patch in the laminate is 
correct and this is responsible for the deviation between modelling and experimental results 
in the original case. We can also conclude, that an SH-PFP, dedicatedly produced for that 
application and without the drawback of an only viscously coupled upper patch, will show 
wave fields very near to the simulation results.  

The simplified version of the SH-PFP patch is proved to operate for significant SH 
generation. It has the advantage, to be much simpler and easier to obtain on the market but 
at the cost of a smaller SH efficiency and less mode selectivity. It might be applicable directly 
in cases, where the issues of mode purity are not essential.    
The results are very stimulating for further research and the application of the new sensor.  
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