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Abstract—The wafer-type transducer is attractive for Lamb wave
generation because it offers a degree of mode selectivity and is
potentially compact and inexpensive. However, mounting and in
particular the provision of electrical connections has been prob-
lematic, especially when permanent installation on exposed struc-
tures is contemplated. We have recently demonstrated inductive
coupling that achieves excellent transducer performance while
obviating the need for electrical connectors. In this paper, we
report on detailed electrical analysis and modeling of our induc-
tively coupled transducer. We will report detailed analysis of an
inductively coupled transducer consisting of a PZT wafer, a fer-
rite sheet, and a two-layer printed circuit board.
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I. INTRODUCTION

Lamb waves generated by wafer-type piezoelectric trans-
ducers have been widely studied for the detection of flaws in
critical structures. These transducers can be designed to emit
primarily a single mode [1,2], and have been studied in struc-
tures as diverse as composite wings [3,4] and steel plate girders
[5]- While these applications are highly promising, the wafer
transducer itself is not practical in its present form. Robust
packaging is required if transducers are to be permanently at-
tached, while at the same time cost must be acceptably low. A
scheme for packaging of Lamb wave transducers has recently
been proposed by Kessler et al. [6]. However the electrical
connections are a weak point of this design, as corrosion of
connectors will be a problem, especially when transducers are
permanently installed in locations exposed to weather and other
types of contamination. In addition, some applications contem-
plate embedding transducers inside composite materials, mak-
ing the provision of electrical connections even more problem-
atic.

We have previously proposed an inductively coupled Lamb
wave transducer that overcomes many of these problems [7,8].
By using inductive coupling we eliminate the need for exposed
electrical connectors or wiring. The transducer itself is entirely
passive and consequently will have an indefinite lifetime when
suitably encapsulated. In addition, the components are inexpen-
sive and easily fabricated. Good results are obtained for gaps
between the probe and the transducer of several millimeters.
Consequently signals can be recorded from shallowly embed-
ded transducers or by using coarse manual or automatic posi-
tioning of a probe above surface-mounted transducers.
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In the following sections we first briefly describe the trans-
ducer design. We will then examine the coupling of signals into
and out of such a transducer with particular emphasis on the
effect of the gap between a probe coil and the transducer. We
will show that the experimental behavior is in reasonable
agreement with predictions. Finally, we comment on the design
of transducers for operation in a particular frequency range.

II. TRANSDUCER DESIGN

Figure 1 shows the transducer concept. The piezoelectric
wafer is wired to winding #1. Winding #2 is excited by an ex-
ternal source (usually providing a windowed sinusoidal excita-
tion), exciting an ultrasonic pulse in the structure. The return
pulses from reflections in the structure cause a voltage on the
same piezoelectric wafer. That voltage produces a signal in
winding #2 and #3. Only the piezoelectric wafer and winding
#1 remain permanently attached to the structure under study;
the other coils and the electronics for pulse generation and de-
tection form a removable probe. If desired the additional wind-
ing #3 can be used for receiving only (also shown in the fig-
ure). Ferrite cores are used to increase the mutual inductance of
the two coils and also to reduce the magnetic flux through the
structure, which will induce circulating currents if the material
is a conductor.
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Figure 1. Inductively coupled transducer concept.

Figure 2 shows the equivalent circuit for excitation. We are
interested in determining the transfer function v,/v, that relates
the PZT voltage v, to the excitation signal v,. In order to predict
this transfer function, we need to determine the transformer



parameters L, L, and M, especially their dependence on gap
between the probe coil and the transducer coil.
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Figure 2. Transducer equivalent circuit during excitation (top) and Thévenin
equivalent circuit at the PZT terminals (bottom).

TRANSDUCER FABRICATION AND PREDICTED PERFORMANCE

The transducer design used in this study is shown in Fig. 3.
The PZT wafer, ferrite sheet, and printed circuit board are ap-
proximately 26 mm square. The double-sided board printed
circuit board has a coil consisting of 32 turns. The ferrite sheet
has a thickness of 1 mm and the PZT is 5A4 material from
Piezo Systems, Inc. 1 mm in thickness. The PZT is nickel-
metallized on both surfaces and the metallization is patterned
as shown in Fig. 3. The probe coil used with this transducer is
made from a ferrite pot core approximately 30 mm in diameter
with two 20-turn windings.

The transformer parameters were calculated as a function of
the gap between the probe and transducer coils using the finite
element package COMSOL 3.2 in the magnetic quasi-static
mode (emqa). Calculations were performed in 2-D cylindrical
symmetry using as the inner and outer coil radii the radii of the
largest circles that fit inside the eight-sided turns (14 mm and
29 mm diameter respectively). A relative permeability of 200
was used for the flat ferrite sheet and a relative permeability of
2000 for the ferrite pot core.
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Figure 3. Design of the inductively coupled transducer.

Figure 3 shows the simulation results for two values of the
gap when the transducer coil is excited by a DC current of 1 A.
Note that the magnetic flux is guided through the ferrite sheet
despite its small thickness. As expected the magnetic energy
density decreases as the gap is increased.
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Figure 4. Finite element calculations for transducer- probe coil gaps of 2.5
mm (left) and 7.5 mm (right). Color indicates the magnetic energy density and
arrows the magnetic flux density.

The self-inductance L, and the mutual inductance M can be
determined from the integrated magnetic energy density and
the magnetic flux density linking the primary coil, respectively
[9]. A separate simulation with the primary coil excited by a 1
A current then permits calculation of the remaining parameter
L. The resulting inductances as a function of gap are plotted in
Fig. 4. These inductances are in reasonable agreement with
measurements at 300 kHz and 0.32 cm gap (L; = 34 pH, L, =
50 uH, and M = 20 pH).
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Fig. 4. Finite element simulations of the inductances L,, L, ,and M as a
function of the gap between the probe coils and the transducer coil.

We can now calculate the transfer function vpz/v,. For a
lossless transformer with less than perfect coupling, we have
the two-port equations
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di, (t) di, (1)

H=M-—"1~>4+] 2~
v,(8) di >

resulting in the Thévenin equivalent circuit at the PZT termi-
nals with open circuit voltage given by
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and with Thévenin impedance
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In order to plot the transfer function we also need the PZT
transducer impedance Ypzr = joCpzr + 1/Rpzr. The impedance
of coupled wafer type PZT transducers has been explored ex-
perimentally and theoretically by Giurgiutiu [10]. The trans-
ducer impedance is predominantly capacitive with a parallel
resistive component that models the radiation of ultrasonic en-
ergy. In addition sharp resonances modeled by RLC networks
are associated with vibrational modes of the transducer or
structural dimensions. Here we will neglect the sharp reso-
nances and we model the PZT by a capacitor Cpzr = 2 nF (cal-
culated using the transducer dimensions and dielectric permit-
tivity) and a resistor Rpzr which models the radiation losses.
The resistor value of 400 Q is estimated from impedance
measurements between 200 and 400 kHz (not shown). Figure
5 shows the predicted dependence of transfer function magni-
tude as a function of frequency with these assumptions.
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Figure 5. Ratio of source voltage and PZT voltage magnitudes as a function
of frequency, predicted using inductance and k values from Fig. 4.

The frequency dependence in Fig. 5 can be understood as
follows. In the limit of large gap (small M) the output imped-
ance Z,, ~ 1/joL, and consequently the output circuit has a
resonance at @=1/,/L,C,,, - In the large gap limit the O
would be determined entirely by the PZT losses, that is,
O=R,, /CPZT /L, - As the gap is decreased, there is addi-
tional loss from the source resistance reflected into the output
circuit. So the increase in coupled signal is accompanied by a
decrease in Q and an increase in bandwidth. As the losses of
the PZT wafer are relatively high the bandwidth is fairly large
even for poor coupling.

In operation, it is important that the overall system band-
width be large enough to permit the use of short pulses and the
bandwidth must remain large as the gap is varied. The system
bandwidth is not easily calculated, however, because the PZT
transducer itself has some frequency dependence [1,2]. Conse-
quently we will examine the overall system behavior experi-
mentally.

The discussion above has only addressed the transfer func-
tion from the source to the PZT. The transfer function in the
receive mode can be calculated similarly [9] and exhibits the
same resonant behavior.

TRANSDUCER PERFORMANCE- EXPERIMENTAL

A fabricated transducer was attached to a steel specimen us-
ing cyanoacrylate glue. The steel specimen was fabricated from
a plate 6.4 mm in thickness additional welded plates 6.4 and
12.8 in thickness, yielding a scaled model of a plate girder [11].
The additional welded plates provided discontinuities which
produced several ultrasonic reflections. In structural health
monitoring the objective is to detect the appearance of addi-
tional reflections associated with cracks or other defects. In this
paper we illustrate the observation of reflections caused by the
discontinuities in the undamaged structure.

Ultrasonic pulses were excited using a 5-cycle waveform
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where the exciting pulse amplitude vy, was typically 5- 10
volts. The pulses were excited and the return signal was de-
tected using a National Instruments PCI-6110 DAQ board.
Winding #2 was used to excite the transducer and winding #3
was used to measure the return signal. As the receiver coil is
loaded only by the 1 MQ input impedance of the data acquisi-
tion board it does not change the transfer function calculated
above. However there is a recovery period of approximately 40
psec after the end of the exciting pulse.

Figure 6 shows typical data obtained for a pulse center fre-
quency of 351 kHz. Several of the prominent reflections can be
attributed to reflections from particular discontinuities based on
comparison of the arrival times and the known propagation
velocities of SO and A0 mode. Similar measurements taken at a
range of pulse center frequencies are consistent with the behav-
ior in Fig. 5 in that the pulse amplitudes decrease with decreas-
ing frequency. However a detailed comparison is not possible
because the reflections and the transducer itself have significant
frequency dependence [1,2].

The dependence of pulse shape on the gap between the
probe and transducer coils is of particular importance. As the
probe coil may be repositioned between measurements it is
important that any variations in pulse shape be small compared
to the changes caused by cracks. Changes in amplitude not
important as they can be compensated by scaling the acquired
waveforms.

Figure 8 also compares the observed waveforms as a func-
tion of gap between the probe and transducer coils. In this fig-
ure the bottom trace is for zero gap and the upper traces have
been scaled by factors of 2.6 and 6.5 respectively. The detail
overlays the two waveforms and shows that there are negligible
changes in the pulse shape even when the gap is changed from
zero to 6 mm.
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Figure 6. Effect of varying the gap between probe and transducer coil with a pulse center frequency of 351 kHz. Data at 3 mm was scaled by 2.6 and data at 6
mm by 6.6. Inset: detail of data for 6 mm gap superimposed on data from 0 mm gap.

These results show that acceptable signals are obtained in
this transducer and that variations in probe coil- transducer
gap change the amplitude but not the shape of the transient
signal. in this particular transducer.

Finally, we briefly consider the effect of changing the
PZT type or size. This can result in changes in either the
transfer function peak frequency, quality factor Q, or both.
Within limits the resonant frequency can be adjusted by
changing the coil inductance. With respect to O, problems
may be encountered when the Q is too high, especially with
weak coupling or large gap. In such a case it may be neces-
sary to introduce additional damping which may have the
additional undesirable effect of reducing the overall signal
levels.
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