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Abstract: Interdigital transducers (IDTs) made 
from the piezoelectric polymer PVDF have been 
built; they transmit ultrasonic Lamb waves into 
1-2 mm thick steel and aluminium plates and 
receive signals reflected from features in the 
structure. The IDTs are designed to be 
permanently bonded to the structure under 
inspection. Such IDTs have considerable potential 
for use in smart-structure monitoring 
applications. However, before this potential can 
be realised, the nature of the acoustic field that 
they produce must be thoroughly understood. 
Experimentally measured acoustic fields are 
presented for two example IDTs, one that 
produces a collimated beam for line inspection 
and one that produces a divergent beam for 
sector inspection. The development of modelling 
software based on Huygens’ principle, which 
enables the acoustic field from such IDTs to be 
predicted rapidly, is then described. Example 
results from this software are presented and 
compared with experimental measurements. 
Further predictions made with the model are then 
used to elucidate certain basic guidelines for IDT 
design. 

1 Introduction 

Lamb waves are attractive for long-range inspection of 
plate-like structures, as a reasonable area of the struc- 
ture can potentially be inspected by a transducer at a 
single location, as first suggested by Worlton [l]. A 
review of recent Lamb wave applications is given in [2], 
and the theoretical description can be found in 
Viktorov’s text [3]. 

The excitation and detection of Lamb waves in struc- 
tures can be achieved using a variety of devices, includ- 
ing interdigital transducers (IDTs), electromagnetic 
acoustic transducers (EMATs) [4] and wedge transduc- 
ers 113, 51. However, in smart-structure applications, a 
permanently attached device is required, and here IDTs 
have several advantages. First, they are low profile and 
unobtrusive compared with other types of Lamb wave 
transducer. Also, IDTs can be designed to have some 
degree of conformability, so that they can be used on 
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convex or concave surfaces such as pipes and pressure 
vessels. However, it is the fact that the design of an 
IDT can be tailored to produce a variety of different 
shaped acoustic fields to suit the application that is the 
primary concern of this paper. For instance, IDTs have 
been constructed that transmit Lamb waves in a diver- 
gent pattern, and these could potentially be used to 
monitor a sector of a plate for defects such as corro- 
sion or cracks. 

IDTs made from the piezoelectric polymer PVDF 
have been studied at Imperial College; their basic con- 
struction and operation have been described elsewhere 
[6-91. PVDF has been used as it is easy to work with, 
flexible and low cost, but it has the disadvantage that it 
is a relatively weak piezoelectric material compared 
with piezo-ceramics. Hence, in the long term, PVDF 
may be superseded by piezo-ceramic platelet matrices 
[ 101 or 1-3 piezo-composites [ 1 11. However, although 
the amplitude of the acoustic field from an IDT is 
affected by the materials and the construction of the 
IDT, the shape of the acoustic field is only affected by 
the IDT geometry, subject to certain criteria being sat- 
isfied that will be discussed in Section 3. 

thick PVDF are designed to 
be permanently bonded at fixed locations on metallic 
(usually steel or aluminium) plates, into which they 
transmit and receive Lamb waves with a frequency- 
thickness product of around 1.3-1.4MHz mm. This fre- 
quency-thickness product is used as it corresponds to 
the maximum group velocity of the A ,  Lamb wave 
mode [8]. The PVDF that has been used (supplied from 
AMP, Harrisburg, USA) is supplied with thin (< 5pm) 
silver ink electrodes printed on both sides. If it is 
bonded to a structure in this form, the frequency 
response exhibits a peak at around 3.5MHz, and, 
below 3MHz, its sensitivity becomes too poor to be 
used in practical applications. This lower frequency 
limit therefore imposes an upper limit of approximately 
0.4” on the thickness of the plate that can be 
inspected using the A. Lamb wave mode. To transmit 
and receive this mode in thicker plates, the operating 
frequency must be reduced. This is achieved by remov- 
ing one of the silver ink electrodes and replacing it with 
a 5 0 p  thick copper electrode printed on poly-amide 
(i.e. printed circuit board material) that is bonded, cop- 
per side downwards, onto the PVDF. This reduces the 
minimum operating frequency of the PVDF to around 
0.75MHz and, hence, imposes the current upper limit 
on plate thickness of approximately 1.8“. 

Fig. 1 shows a schematic diagram of a very simple 
PVDF 1DT transmitting Lamb waves into a plate (the 
poly-amide layer is omitted for clarity in the Figure). 
The electrode pattern printed on the poly-amide con- 
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Fig. 1 Generic features of simple PVDF IDT transmitting Lamb waves into plate structure 

sists of parallel strips, which are referred to as fingers 
and of which there are usually two sets. With two sets 
of fingers, the spacing between the centres of adjacent 
fingers is made equal to half the wavelength of the 
Lamb wave mode that the IDT is designed to transmit 
or receive. When the two sets of fingers are excited in 
anti-phase, a spatially harmonic stress distribution is 
set up on the surface of the plate beneath the trans- 
ducer, the wavelength of which determines which Lamb 
wave mode is excited. More details on the construction 
of PVDF IDTs can be found in [7, 81. 

The strength of the acoustic field that an IDT gener- 
ates at a particular point in a plate is defined in this 
paper as the amplitude of the out-of-plane surface dis- 
placement at that point. For a PVDF IDT, the ampli- 
tude of these surface displacements is usually of the 
order of 1-lOnm, whereas, for prototype IDTs made 
from piezoceramic-epoxy matrices [lo], the amplitude 
is approximately one order of magnitude greater. 

The IDTs described in this paper are not excited with 
continuous waves, but instead they are excited with 
short tonebursts, typically with 5-20 cycles, and they 
generate packets of Lamb wave energy that propagate 
into the plate away from the transducer. Thus, the 
acoustic field is continuously changing with respect to 
time and is not the static entity that its name suggests. 
However, for practical purposes, the strength of the 
acoustic field at a point on a plate is taken as being the 
maximum amplitude of surface displacement (the dis- 
placement being a function of time) that occurs at that 
point. This is measured experimentally by taking the 
maximum amplitude in a time trace received from a 
point transducer at the measurement location. 

2 
acoustic fields 

PVDF IDTs are designed to transmit Lamb waves into 
plate structures and receive Lamb waves reflected from 
features in the structure, including defects. One possible 
IDT design could be completely axi-symmetric and 
would thus transmit and receive Lamb wave energy 

lnterdigital transducers to produce different 
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equally in all directions. However, some directionality 
in the acoustic field of a m  IDT is desirable from the 
point of view of locating defects. Experimental results 
from two types of design that produce directional 
acoustic fieldls are presented in this Section, and their 
relative merits are described. 

2. I Straight-finger interdigital transducers 
An IDT with straight fingers is the Lamb wave ana- 
logue of a conventional plane transducer for transmit- 
ting longitudinal bulk waves. A well-designed straight- 
finger IDT will generate a straight collimated beam of 
Lamb waves that exhibits minimal divergence and can 
therefore propagate reasomnably long distances in a free 
plate. 

2.4" 

connecting 

area of PVDF 25mmI - 

2 sets of eight fingers each 

Fig.2 
The finger sets an: driven in anti-phase 

Geometry of typical straightfinger IDT 

The geometry of a particular straight-finger IDT is 
shown in Fig. 2. When bonded to a 1.2" thick steel 
plate and excited with a toneburst at 1.1 MHz, this IDT 
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generates two packets of the A. Lamb wave mode that 
propagate out from either side of the transducer (all 
IDTs described in this paper are bi-directional, 
although uni-directionality has been achieved using 
three- or four-phase driving systems, an example of 
which is given in [12]). 

To measure the acoustic field, the experimental set 
up shown in Fig. 3 was used. A specially constructed 
combined unit, incorporating a function generator and 
a power amplifier with a differential output [SI, was 
used to drive the two sets of fingers of the IDT in anti- 
phase. The strength of the acoustic field in front of the 
IDT was measured at the locations shown in Fig. 3, to 
obtain three cross-sections through the acoustic field. 
The strength of the acoustic field was measured using a 
conical acoustic emission transducer (of a type similar 
to that described in [13]), connected through a low- 
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noise charge amplifier to a digital oscilloscope. The 
conical transducer had a lmm diameter flat tip, which 
was less than half the wavelength of the Lamb waves 
being investigated. After averaging 100 time signals at 
each point, the peak amplitude of the averaged time 
signal was measured. The resulting beam cross-sections 
are plotted in Fig. 4. 

As can be seen from Fig. 4, the width of the main 
lobe of the beam remains fairly constant in all three 
cross-sections, indicating a collimated beam. The model 
results shown in the Figure are discussed in Section 3 .  

Fi . 3  Experimental set-up for measuring cross-sections through acoustic 
f ?  le d for IDT shown in Fig. 2 
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Fig.5 
Huygens’ model 

Overall acoustic field for IDT shown in Fig. 2 predicted using 
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Fig. 4 
IDT shown in Fig. 2 at (a) 50, (b) 100 and (c)  1 5 0 m  
0 experimental measurements 
__ results predicted by Huygens’ model 

Experimentally measured cross-section through acoustic fzM for 

2.2 Curved- fing e r in te rdig ita I transducers 
The straight-finger IDT described above can transmit 
waves over considerable distances owing to its colli- 
mated beam, but this attribute unfortunately means 
that it is only sensitive to defects along a fairly narrow 
straight line in front of it. To monitor a reasonable 
area of structure using a straight-finger IDT would 
require a very wide transducer. Attention is now turned 
to curved-finger IDTs that can generate divergent (i.e. 
defocused) beams. Although the amplitude of a diver- 
gent beam must necessarily decrease more rapidly with 
distance than that of a collimated beam, the divergent 
beam enables a pie-slice shaped area of a plate to be 
inspected from a single transducer. 
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Once again, a specific curved-finger IDT is consid- 
ered as an example, the geometry of which is shown in 
Fig. 6. This particular curved-finger IDT is actually 
one of a set of six identical IDTs that were fabricated 
as a single unit (as indicated in Fig. 6), the intention 
being that the six IDTs together would have a 360" 
'field of vision' about themselves. 

60' 
1 set of 7 fingers, 1 set of 8 fingers 

............................... 
locations of * , .............................. ; .............................. i i 

......... ....... ................................. 
Fig. 6 Geometry of' typical curved-finger IDT 

beam profile 
monitoring line 

transducer 

IDT under test 
/ 

<.-./- 

Fig. 7 
acoustic field for IDT shown in Fig. 6 

Experimentul se:el-up for measuring ungulur cross-section through 

A cross-section through the acoustic field from this 
IDT was measured using the same technique as 
described above, except that, in this case, the cross-sec- 
tion was taken on a circular arc, concentric with the 
fingers of the IDT, as shown in Fig. 7. Later work, 
using the model described in Section 3, has shown that 
an angular section through the field from a curved-fin- 
ger IDT is almost completely independent of the radius 
at which the cross-section is taken. The experimentally 
measured angular cross-section for this particular IDT 
is plotted in Fig. 8. 

t 

o o o  1 
I 

-45 -30 -1 5 0 15 30 45 
angle, deg 

Fig.8 
location shown in Fig. 7 
0 experimental measurements 

~ Huygens' model predictions 

Angular acoustic jield cross-section for IDT shown in Fig. 6 ut 

As can be seen from Fig. 8, the IDT produces a field 
that is reasonably flat over the angular range from -20" 
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to 20". This is close to an ideal divergent acoustic field 
for inspecting a 40" sector of plate. Unfortunately, 
there were only six IDTs in the circular configuration 
shown in Fig. 6, and, hence, it would be desirable for 
each IDT to be able to monitor a 60" sector of the 
plate. This circular configuration is therefore inade- 
quate for the task. Thus, it can be seen that some 
method of predicting the (acoustic field for a particular 
geometry of IDT is required for the design to be opti- 
mised, so that the acoustic; field will cover the required 
area of the plate. 

3 
transducers 

Modelliirg acoustic field from interdigital 

The preceding Section has shown practical examples of 
the types of acoustic field that IDTs can be used to cre- 
ate. The next issue to be addressed is how to predict 
the acoustic field for a particular geometry of IDT. It 
has already been shown [13] that satisfactory agreement 
with experimental measurements of the acoustic field 
from an IDT can be obtained using a time marching 
finite-element (FE) model of the plate, representing the 
action of the fingers of the IDT by forces applied along 
lines on the surface of the plate. Unfortunately, such 
an FE model takes several days to run, even for the 
simplest cases, and is therefore not a practical IDT 
design tool. 

3.1 Huygens' model for interdigital 
transducers generating Lamb waves 
In theory, the acoustic field could be predicted analyti- 
cally, and this has been done for surface acoustic wave 
transducers used in signal processing applications using 
normal modi: expansions [14]. Work is currently in 
progress to use a similar method for Lamb wave IDTs, 
but this method is likely to be very complex, owing to 
the three-dimensional nature of the problem. The prob- 
lem can be siimplified if the presence of the transducer 
does not significantly reflect, scatter or otherwise affect 
the characteristics of Larnb waves passing beneath it. 
This will be the case for IDTs that have a small mass 
per unit area compared with that of the plate, or that 
are weakly coupled to it. Both of these criteria are rea- 
sonably well :satisfied by ihe PVDF IDTs that are con- 
sidered here. The action of the IDT can therefore be 
modelled by a series of normal forces applied to the 
plate at the finger positions, as was assumed for the FE 
model described in [SI. 

The field from a time-harmonic, axi-symmetric distri- 
bution of strcss can be calculated exactly [15] and con- 
sists of circular crested Lamb waves that propagate 
outwards from the source in an axi-symmetric fashion. 
From this, the out-of-pla ne surface displacement field 
(i.e. acoustic field) uz, due to a time-harmonic, normal 
point force is obtained 

where t is thle time, Y is the distance from the source, f 
is the frequency of excitation and Fo is the amplitude of 
excitation. The summation sign indicates that the field 
is a superposition of contributions from all the modes 
m that can exist at the excitation frequency. Each mode 
has a phase velocity v ~ , ; ~ )  and an excitability E@), 
which are both functions of frequency. The excitability 
of a mode is; largely governed by the quantity of out- 
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of-plane surface displacement in its mode shape. Modes 
with a large amount of out-of-plane surface displace- 
ment couple well to the action of normal forces applied 
to the surface of a plate and therefore are more excita- 
ble. 
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Excitability curves for circular crested Lamb waves in alumin- 

The phase velocity and excitability curves are plotted 
for the case of an aluminium plate in Figs. 9 and 10, 
respectively. The phase velocity curves in Fig. 9, which 
are used in eqn. 1 to represent circular crested Lamb 
waves, are in fact the same as those for straight crested 
Lamb waves [ 151. The difference between the two cases 
is that for circular crested Lamb waves, the spatial 
variation is given by the Hankel function in 
eqn. 1, whereas, in the case of straight crested Lamb 
waves, the spatial variation is a harmonic function of 
distance . 

The acoustic field due to the application of harmonic 
normal surface stress over any area can be calculated 
by considering the area as a series of elements, each of 
which is modelled as a point source. Hence, by inte- 
grating the fields from all the elements, the total acous- 
tic field can be obtained. In general, the integration 
cannot be solved analytically, and, hence, it must be 
calculated numerically by performing a complex sum- 
mation of the acoustic fields from a number of point 
sources, each of which represents a finite-sized element 
of the IDT. The size of element that is required for the 
solution to converge has been investigated. This has 
shown that a finger of an IDT can be accurately mod- 
elled by using a single row of point sources (i.e. ele- 
ments), and that the separation of the point sources 
(i.e. the length of each element) must not be greater 
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than a quarter of the wavelength of the shortest Lamb 
wave in the system. This is the basis of what has been 
termed the Huygens’ model for IDTs, because the prin- 
ciple of the superposition is the same as that which he 
used for optical fields and which can also be used to 
calculate the field from a conventional plane transducer 
[16]. By treating the amplitudes of the applied surface 
stresses as complex quantities, the model can also be 
used for cases where there is more than one phase of 
excitation. 

The model described above is for continuous single- 
frequency excitation, whereas, in practice, IDTs are 
excited with tonebursts of finite duration and band- 
width. The Huygens’ model can easily be expanded to 
model toneburst excitation by modelling each fre- 
quency component of the toneburst separately and then 
recombining the results by superposition. It should be 
noted that the acoustic fields calculated for toneburst 
and continuous excitation are not the same, although, 
in practice, the continuous-excitation model represents 
a very reasonable approximation to the toneburst exci- 
tation solution. The reason for the difference between 
the two cases is described below. 

The shape of the acoustic field from the entire IDT is 
determined by constructive and destructive interference 
taking place between the acoustic fields from each of 
the point sources. When excited continuously, the 
energy in the acoustic field from a single point source is 
distributed over the entire plate at all instants in time. 
Therefore interference occurs between the fields from 
any two points, regardless of their spatial separation. 
However, when toneburst excitation is used, the energy 
in the acoustic field from a single point source at a par- 
ticular instant in time is contained in an annular region 
centred on that point. The width of the annular region 
is the spatial length of the toneburst of Lamb waves. 
Hence, interference between the fields from two point 
sources only occurs where the annular regions of the 
acoustic fields from each point intersect. If the separa- 
tion of the two points is small compared with the spa- 
tial length of the toneburst, then the majority of both 
annular regions will intersect, and the interference pat- 
tern in this region will be very similar to that which 
would be obtained if continuous excitation was used. 
Hence, if an IDT has dimensions that are small com- 
pared with the spatial length of the toneburst with 
which it is excited, the acoustic field that is generated 
will be approximately the same as if the IDT were 
excited continuously. 

The major assumption in the Huygens’ model is that 
the field from each point source representing an IDT is 
unaffected by the presence of the rest of the transducer. 
This assumption is known not to be correct, as the 
Lamb waves propagating under an IDT are subject to 
attenuation caused by energy leaking from the plate 
into the IDT and perhaps some scattering. However, 
validation studies have indicated that this does not sig- 
nificantly affect the overall acoustic field. It should also 
be noted that the FE model that was used previously 
made exactly the same assumptions. The Huygens’ 
model has been validated against the FE model for sev- 
eral cases, and excellent agreement has been obtained. 
The time taken to compute the complete acoustic field 
from an IDT using the Huygens’ model takes in the 
order of minutes, rather than the days taken by the FE 
model. Hence, the Huygens’ model is viable for use as 
an interactive design tool. 
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3.2 Implementation of Huygens’model in 
software 
The Huygens’ model described above has been imple- 
mented in a Microsoft Windows application for use on 
PC computers. The model is in two parts: the first is 
concerned with predicting the acoustic field from a 
point source, and the second performs the Huygens’ 
superposition to obtain the field from an IDT. 

In the first part of the program, the required inputs 
are the excitation signal as a function of time and the 
Lamb wave dispersion curves from which the excitabil- 
ity curves are also calculated. The excitation signal can 
be either of finite length, such as a toneburst, or a con- 
tinuous sine wave. The program then calculates a 
matrix of complex surface displacements, where the 
rows represent time and the columns represent dis- 
tance. Thus each row in the matrix is the surface dis- 
placement as a function of distance from the source at 
a particular instant in time. Complex values for surface 
displacement are calculated, where the real part is the 
instantaneous physical displacement (and is therefore 
spatially harmonic), the imaginary part is shifted by 
90” with respect to the real part, and the amplitude of 
the displacement thus gives the spatial envelope over 
the individual wave-crests. If the input is a continuous 
wave, then the amplitude of the displacements is con- 
stant at all times, and only a single row in the matrix is 
necessary. 

The second part of the program takes the matrix of 
surface displacements as an input, together with a file 
specifying the location of point sources required to 
model the IDT. The acoustic field at a particular point, 
at an instant in time, due to a single point source, is 
obtained from the matrix of surface displacements. The 
total acoustic field strength at a point can then be cal- 
culated by addition of the surface displacements con- 
tributed by each of the sources. Using this technique, 
an image of the overall acoustic field can be obtained 
by calculating the acoustic field strength at locations 
arranged in a raster pattern. Alternatively, the acoustic 
field strength can be calculated at points along arcs or 
straight lines, to obtain cross-sections through the over- 
all field. 

3.3 Comparison of results of Huygens’ 
model with experimental measurements 
Consider the straight-finger IDT described in Section 2 
and shown in Fig. 2. The acoustic field was calculated 
using the Huygens’ model, and the result is plotted in 
Fig. 5. The well-collimated beam that was found from 
the experimental measurements is clearly evident in this 
plot. Cross-sections through the field calculated using 
the Huygens’ model are superimposed on the experi- 
mentally measured cross-sections in Fig. 4. As can be 
seen, good agreement is obtained. The angular cross- 
section predicted by the Huygens’ model for the 
curved-finger IDT described in Section 2 is also shown 
with the experimental results in Fig. 8. Again, reasona- 
ble agreement is obtained in terms of the overall angu- 
lar extent of the field, although the exact agreement at 
the edges of the main beam is not as good. These dis- 
crepancies are thought to result from inconsistencies 
introduced when bonding the IDT to the plate. 
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4 
interdigital t:ransducers 

Application of Huygens’ model to design of 

It is instructive to use the Huygens’ modelling software 
to obtain some general guidelines for the design of 
IDTs. In these investigatilons, all dimensions are speci- 
fied in terms of the wavelength of the Lamb waves that 
the IDT is designed to excite. 

4. I Straight-finger interdigital transducers 
It has been noted that the main use for straight-finger 
IDTs is to generate collimated beams. It is therefore 
desirable to obtain an expression for the beam diver- 
gence angle for a straight-finger transducer, in much 
the same way as one can be found for a plane bulk 
wave transducer [ 171. For simplicity, a single-finger 
IDT is considered first; the effect of adding multiple 
fingers will be addressed later. 

a 
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(linear) 
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distance!, wavelengths 

t 
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C t 
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Fi .11 Cross-sections through ,fields for fingers of length (a) 2, (b) 5 
an! (e) 10 wave1,engths 
The diamonds show the locations of the first minima on either side of the 
main lobe of the beam 
0 experimental results 
~ Huygens’ model 

The beam divergence angle is defined in the same 
way as for a bulk wave transducer, i.e. the angle at 
which the first minima in the amplitude of the field on 
either side or the main lobe of the beam diverge (such 
minima are marked in Fig. 11. Using the Huygens’ 
model, the beam divergence angle was calculated for 
fingers in the range 1-25 wavelengths long. The results 
are plotted in Fig. 12, together with some example 
beam cross-sections and experimental measurements in 
Fig. 11. The fitted curve shown in Fig. 12 is given by 
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the equation 

y = sin-' (;) 
where y is the beam divergence angle, I is the length of 
the finger, and il is the wavelength. This is very similar 
to the corresponding expression for a bulk wave trans- 
ducer [17] of diameter I, where the beam divergence 
angle is given by s i r 1  (1.2M), the difference being 
thought to arise from the IDT system being for two- 
dimensional wave propagation, whereas the bulk wave 
transducer system is three-dimensional. From Fig. 12, 
it can be seen that, for a reasonably non-divergent 
beam, the finger length should be 10 or more wave- 
lengths. 
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The effect of adding more fingers to an IDT was 
investigated using the Huygens' model, and the results 
are shown in Fig. 13. This shows cross-sections, taken 
at a distance of 40 wavelengths, through the acoustic 
field of a straight-finger IDT (with a finger length of 10 
wavelengths) with different numbers of fingers. The 
sections are all normalised by their peak amplitude, as 
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the absolute amplitude is approximately proportional 
to the number of fingers. It can be seen that, perhaps 
surprisingly, the number of fingers makes little or no 
difference to the width of the main lobe of the field and 
only starts to have noticeable effects at the sides, where 
the amplitude is some 20dB below the peak amplitude 
of the field. From this it can be concluded that the 
number of fingers in a straight-finger IDT does not 
affect the relationship between the finger length and the 
beam divergence angle given in eqn. 2. The advantage 
of using multiple fingers is to increase the overall 
acoustic power entering the structure and to improve 
the wavelength selectivity of the IDT [8]. 

4.2 Curved-finger interdigital transducers 
For a curved-finger IDT, general trends are more com- 
plicated to determine, as there are more design parame- 
ters than for a straight-finger IDT. Furthermore, the 
definition of a measurable quantity with which to com- 
pare different acoustic fields is somewhat difficult. 

As a starting point, it will be assumed that the goal 
when designing a curved-finger IDT is to produce one 
that generates a field that diverges at the same angle as 
that subtended by the fingers (hereafter referred to as 
the angle of the IDT). This ideal field will, at a particu- 
lar distance from the geometric centre of the IDT, have 
a constant amplitude within the angle of the IDT and 
zero amplitude elsewhere. In the studies presented here, 
only IDTs with concentric fingers, which all subtend 
the same angle about their common centre, are consid- 
ered. This reduces the number of design parameters to 
be investigated to three: the angle subtended by the fin- 
gers (the angle of the IDT), the radius (which is taken 
as the mean of the innermost and outermost radii for 
IDTs with more than one finger) and the number of 
fingers. The effects of radius and angle on the beam 
from an IDT with a single curved finger are described 
below. The effect of multiple fingers is currently under 
investigation. 

Consider an IDT with a single curved finger of angle 
90". Angular beam cross-sections predicted using the 
Huygens' model are plotted for several different radii 
of finger in Fig. 14, all cross-sections being taken at a 
radius of 30 wavelengths. The energy at a point in the 
acoustic field is proportional to the square of the 
amplitude of the acoustic field at that point. Integrat- 
ing the energy in the acoustic field over a 180" cross- 
section enables the total energy to be found. The 
amplitude of an ideal beam containing the same total 
energy can then be calculated. The ideal beams are 
plotted with lighter lines in Fig. 14. It can be seen that 
the general trend is that the actual beam becomes 
closer to the ideal beam as the radius is increased. As 
this occurs, the cut-offs on either side of the main beam 
become sharper, and the fluctuations within the main 
beam become shallower and more numerous. 

Fig. 15 shows some of the results from a similar 
study on an IDT with a single curved finger, except 
that, in this case, the radius of the finger was kept con- 
stant (and equal to 5 wavelengths), while its angle was 
varied. From these graphs, it can be seen that the field 
is closest to the ideal field when the angle is large, and 
deteriorates as the angle is reduced. 

For a selection of the IDT geometries shown in Figs. 
14 and 15, experimental measurements have been made 
using a similar technique to that described in Section 2, 
and the results are plotted on the Figures. Once again, 
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good agreement is achieved between experimental 
measurements and predictions made using the Huy- 
gens' model. 

By integrating the discrepancy between the energy in 
the beam profile predicted by the Huygens' model and 
the ideal beam profile over the angular range of each 
cross section, and dividing this by the total energy in 
the beam, a numerical measure of the beam quality can 
be obtained for any IDT, which enables a quantitative 
comparison to be made between the acoustic fields of 
any curved-finger IDTs. 

For a given angle of transducer with a single finger, 
the beam quality is a function of the radius of the fin- 
ger, as shown in Fig. 16 for the case of a single 60" Gn- 
ger. It can be seen that, if the radius is large, the beam 
quality increases approximately monotonically with 
radius, as the first study suggested. However, if the 
radius is small, the beam quality fluctuates both up and 
down, the amplitude of the fluctuations increasing as 

the radius is reduced. At :some critical radius, the beam 
quality reaches a final peak before continuously 
decreasing as the radius is reduced to zero. This critical 
radius has been found to occur when the distance 
between the centre of a chord joining the ends of the 
finger and the centre of the finger equals half a wave- 
length. Below this radius, a curved-finger IDT behaves 
more like a straight-finger one. This critical radius 
gives the absolute minimum size of a curved-finger IDT 
necessary to lx-oduce a divergent beam. 

Plotting contours of constant beam quality on a 
graph of radius against angle for an IDT with a single 
curved finger enables the general trends from the above 
studies to be visualised, and this is shown in Fig. 17. 
The critical radius is plotted as a function of angle in 
Fig. 17, and the region wlhere the beam quality is a rap- 
idly fluctuating function 'of radius is also indicated, the 
upper bound1 of this regilon being set at four times the 
critical radius. 
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The minimum radius of a curved-finger IDT that is 
necessary to inspect a sector of a structure over a par- 
ticular angle is of considerable interest, as the radius 
determines the overall size of the IDT. Initial studies 
on the effect of using more fingers suggest that the 
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Fig. 17 Radius and angle combinations required to produce particular 
beam qualities for IDT with single curvedfinger 
The critical radius is also plotted 
(i) Minimum critical radius; (ii) region of large fluctuations in beam quality; 
(iii) contours of constant beam quality 

effect is a smoothing out of the beam profile that gen- 
erally results in an improvement in the beam quality. 
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This effect is most apparent when the mean radius of 
the IDT is small. This is a useful result, as it will enable 
smaller IDTs to bc constructed without the beam qual- 
ity being compromised. 

5 Conclusions 

PVDF IDTs have been built that transmit and receive 
Lamb waves in thin structures. By tailoring the design 
of such IDTs, different shapes of acoustic field can be 
produced in the structure. Modelling software based on 
Huygens’ principle has been developed that allows the 
acoustic field from an IDT to be predicted, and results 
from this model compare well with experiments. As the 
model is very fast to run, it can be used as an interac- 
tive design tool for IDTs. 

Preliminary results from the model have been used to 
elucidate general relationships between IDT geometry 
and resulting acoustic fields. It has been shown that, 
for a straight-finger IDT producing a collimated beam, 
a relationship between the beam divergence angle and 
the width of the IDT exists similar to that which exists 
for conventional bulk wave transducers. It has also 
been demonstrated that increasing the number of fin- 
gers in a straight-finger IDT does not significantly 
affect the shape of the acoustic field, although it does 
allow greater transducer sensitivity and modal selectiv- 
ity [SI. For curved-fingered IDTs producing divergent 
beams, it has been found that, for a given angle of 
divergence, there is a minimum radius for the trans- 
ducer to be effective, and that this minimum radius 
decreases as the angle increases. 
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