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Abstract

This paper presents the fabrication and characterisation of a flexible ultrasonic transducer using commercially available PZT-5A pie-
zoelectric fibers which are lapped to form rectangular piezoelectric elements. The key feature in the device construction is the inclusion of
gaps between the piezoelectric fibers to ensure good flexibility in the plane normal to the fiber direction. The spatial response of the trans-
ducer ultrasonic output was assessed using acoustographic imaging. The flexibility of the transducer and its applicability in pulse-echo
mode on curved sections was demonstrated by testing on a 38 mm diameter steel rod. The transducer response was found to be broad
band and highly non uniform but good pulse-echo performance was achieved at 5 MHz.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

For ultrasonic non-destructive evaluation (NDE) of
curved, irregular or complex shaped profiles there is a need
for flexible transducers that are able to conform to the pro-
file of the component being inspected. Traditional dense,
monolithic piezoelectric ceramics, such as lead zirconate
titanate (PZT), are generally unsuitable for such applica-
tions as they are inherently brittle and are of high stiffness.
In order to produce a flexible transducer a variety of meth-
ods have been attempted. Hayward et al. have considered
the development of a flexible transducer at a theoretical
and experimental level [1–6]. One approach was to embed
piezoelectric platelets with high aspect ratio in a polymer
matrix so that each platelet can be treated as a pure thick-
ness mode device; although a high width to height aspect
ratio can lead to reduced flexibility [2]. A copper-polyimide
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printed circuit board was used to interface with the material
[3] and an interdigitated electrode was used to generate
Lamb waves [5]. One possible danger of a piezoceramic–
polymer configuration is that continual flexing of the mate-
rial can lead to debonding and delamination of array ele-
ments [6]. Another approach to generate a flexible
transducer is to randomly disperse isolated piezoelectric
particles in a polymer matrix to form a 0–3 composite [7].
However the low electromechanical efficiency, relatively
low piezoelectric coefficients [7] and low dielectric constant
may limit their use in active applications [1].

The French atomic energy commission [8] developed a
different approach to design a transducer that could con-
form to the profile of cooling pipes of pressurised water
reactors. The transducer was a flexible phased array con-
tact transducer which consisted of 24 individual ultrasonic
transducers [9,10]. The elements were mechanically joined
and assembled with cables and helical springs to form a
flexible array that could make contact to an irregular sur-
face. Kobayashi et al. [11] developed of flexible ultrasonic
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transducer which consisted of the stainless steel base metal
foil, a PZT piezoelectric ceramic film and a top electrode of
silver paste. The thin metal foil served as a substrate and
base electrode and could be deformed to conform to the
shape being inspected. The PZT was applied using a sol–
gel process and the porosity in the film was thought to
increase the flexibility of the piezoelectric. The transducer
could operate at high temperatures (160 �C) and was eval-
uated on a curved pipe section. The final method of achiev-
ing flexibility is to replace the ceramic with a piezoelectric–
polymer [12]. However, like the 0–3 composites, these can
be rather poor transmitters of ultrasound [2,3]; although
they possess a number of advantages for high frequency
medical ultrasound (>15 MHz) [12].

While the piezoelectric ceramic element can often be
made flexible, one problem is debonding of the electrode
from the surface of the piezoelectric material during contin-
ued flexing to high curvature. The aim of this paper is to
report on the manufacture of a simple, robust and low cost
flexible transducer using commercially available piezoelec-
tric fibres and to present results that demonstrate its appli-
cability in pulse-echo mode on curved sections.

2. Basic transducer structure

The active elements of the flexible transducer were cylin-
drical 800 lm diameter PZT-5A fibres [13] that had flats
ground onto them such that they possessed two parallel
opposite faces. The ground fibres were subsequently placed
in parallel with a small, 0.8 mm, air gap separating them.
The air gap allowed flexibility of the transducer normal
to the fibre direction. This is in contrast to commercially
available interdigitated fibre transducers, such as the macro
fibre composite where the curvature is parallel to the fibre
axis. Although it is possible to fill the air gap between fibres
with a polymer to form a conventional 2–2 configuration,
this was avoided since bending of an alternating PZT/poly-
mer/PZT configuration normal to the fibre axis leads to
curvature of the lower stiffness polymer (Fig. 1a). This
can lead to debonding at the electrode–polymer interface
(Fig. 1a) and ultimately failure of the electrode from adja-
cent ceramic fibres. Similarly, there could be debonding of
the PZT–polymer interface. By maintaining an air gap
between the fibres, only the electrode is subjected to bend-
fibre polymer

electrode 
debond

a

Fig. 1. Cross-section of flexible tranducer during bending (bottom electrode
initiating debonding (b) air gap between fibres ensures no electrode interface
ing and there is no bending of the ceramic-electrode inter-
face to initiate debonding (Fig. 1b).

The electrodes were copper-coated Kapton polyimide
films with the electrode structure and area formed by etch-
ing to remove the copper. Electrodes were attached to the
piezoelectric elements using silver loaded epoxy adhesive.
The structure and assembly of the transducer will now be
described in detail.
3. Device construction and characterisation

3.1. Fibre thickness

The transducers were designed to operate at a frequency
of 3.3 MHz so that their output signal could be examined
using an acoustography ultrasound system [14] that oper-
ates resonantly at 3.3 MHz. The thicknesses of the fibres
were selected such that the series resonant frequency, fs,
would be �3.3 MHz. For a piezoelectric bar (or square
fibre) in transverse length mode, the compliance at con-
stant electric field (or short circuit compliance), SE

11, is
related to the density of the material q, the series resonance
frequency fs and the transverse length l by Eq. (1) [15].

l ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4qfsS

E
11

q ð1Þ

For bulk PZT-5A the relevant material properties are,
q = 7750 kg m�3 and SE

11 ¼ 16:410�12 Pa [16], although
Nelson et al. [17] have shown differences between bulk
and fibre properties. In order for fs to be 3.3 MHz the
thickness required for the fibre is 420 lm.

3.2. Fibre grinding and lapping

Fig. 2a shows fibres attached to a plate using a wax prior
to grinding. After grinding and lapping to the appropriate
thickness, the fibres were removed from the plate by re-
heating the plate to melt the wax. After grinding both faces
of the fibres, any wax on the ground surfaces was carefully
removed using a scalpel. However, the wax on the edges of
the fibres was left in place to act as a mask to prevent an
electrical short developing during the application of a gold
electrode to the ground faces. Fig. 2b and c show secondary
fibre air 

electrode
b

layer not shown for clarity) (a) bending of polymer–electrode interface
is subjected to bending.



Fig. 2. Element fabrication (a) grinding of fibres attached to plate (b) initial fibre (c) lapped fibre (d) comparison of original and lapped fibre.

Table 1
Types of gold coatings applied as electrodes to both sides of the fibres
whose impedance characteristics are shown in Fig. 3

Fibres Type of gold coating applied as electrodes

Type A One CVD cycle
Type B One 5 min sputter coat then one CVD cycle
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electron scanning electron micrographs of the initial fibre
(diameter 800 lm) and the fibre lapped to 420 lm, respec-
tively. The width of the ground fibre remains at 800 lm.
Fig. 2d shows a section along the length of a wax free lapped
fibre, along with the non-lapped (original fibre).

3.3. Application of fibre electrodes

A variety of methods were examined to apply electrodes
to the fibres. The two main electrode coating methods are
shown in Table 1. Gold electrodes were deposited on Type
A fibres by chemical vapour deposition (CVD). Type B
fibres were initially gold sputter coated on each of the sur-
faces that required electroding. After the thin gold sputter
coating was applied to both surfaces the electrode layer was
subsequently made thicker by depositing an additional



370 C.R. Bowen et al. / Ultrasonics 48 (2008) 367–375
CVD gold coating. This was necessary since a sputter
coated electrode is very thin, <1 lm and was easily worn
from the fibre face during transducer manufacture.

Although the sputtering and the CVD processes resulted
in the non-ground edges of the fibres being coated with
gold, thus forming a short circuit between electrodes, the
presence of the wax on the sides of the fibres allowed the
gold to be easily removed by removing the wax with a scal-
pel blade. Following application of electrodes, each fibre
was checked for short circuits between the electrodes using
a multimeter.

3.4. Fibre poling

Electroded fibres were corona poled at a temperature of
100 �C using a potential difference of 11 kV and a base to
needle distance of 15 mm, with the fibres left to cool at
room temperature in the presence of the electric field.
Before poled fibres were incorporated into a flexible device,
their d33 values were measured using a piezometer (Take
Control Piezometer System PM25). Poling the fibres
resulted in measured d33 coefficients of 150–200 pCN�1,
which is lower than that of monolithic PZT-5A of the same
composition (�350 pCN�1 [16]). The same fibres, when
poled along their length had achieved a d33 of
�260 pC N�1[17]. An explanation for the difficulty in
achieving d33 in excess of 200 pCN�1 when poling though
the thickness may be that a preferred grain orientation
exists in the fibres due to their processing route (extrusion).
Any fibres with d33 < 165 pCN�1 were re-poled and dis-
carded if still below this after a second poling treatment.

3.5. Measurement of impedance characteristics versus

frequency

Before manufacturing the flexible transducer using the
poled fibres, the impedance spectrum of individual fibres
was measured using an impedance analyser (Agilent Tech-
nologies Precision Impedance Analyser 4294 A) over a fre-
quency range of 40 kHz to 6 MHz at an excitation
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Fig. 3. Impedance characteristics of fibres at an excitation potential of 500 m
sputter coat and one CVD cycle.
potential of 500 mV. This range enabled the presence of
an impedance drop at the thickness mode resonant fre-
quency to be confirmed, as well as allowing lower and
higher frequency resonance modes of the fibres to be
observed. The impedance characteristics of two typical
fibres (Type A and B) are shown in Fig. 3. It can be seen
that for Type A fibres, whose electrodes are applied with
a single CVD cycle and no sputtering, only a very slight
resonance can be observed at �2 MHz (see Fig. 3a). Fibres
with electrodes formed with a sputter coat of gold, fol-
lowed by a single CVD cycle (Type B) exhibited a much
sharper resonance response (Fig. 3b). The impedance of
the fibres of Type A is also higher than Type B. This sug-
gests that the absence of a sputter coating prior to the gold
CVD cycle results in higher measured impedance, which
appears to be due to the sputter coating forming a better
bond with the fibre than the CVD coating due to the gold
ions used in sputter coating possessing higher energies. The
use of a gold sputter coating prior to the CVD coating was
therefore used when applying gold electrodes to all the
fibres in the flexible transducer.

A notable feature in Fig. 3b is that the most prominent
resonance is at �1.9 MHz and the desired resonance at
�3.3 MHz (fundamental thickness mode) is smaller. This
lower frequency resonance corresponds to the fundamental
frequency of lateral vibrational modes across the �0.8 mm
wide fibres, calculated to be �1.8 MHz using Eq. (1). The
resonances above 3.3 MHz correspond to the excitation
of harmonics of the approximately rectangular cross-sec-
tion fibres. The use of high aspect ratio square platelets
by Hayward et al. [1] ensures that the thickness and width
resonant modes are widely separated, however such a
structure requires a polymer matrix which can initiate elec-
trode debonding.

3.6. Device electrodes and their attachment to piezoelectric

elements

A copper-coated Kapton film was used to form the
encapsulation of the fibres and the electrode contact to
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Fig. 4. Transducer fabrication. (a) Kapton film after etching with piezoelectric fibres attached to one side of device (b) enlargement of fibre area (c)
completed device with fibre direction indicated.
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Fig. 5. Impedance characteristics of fibre device at an excitation potential
of 500 mV.
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the fibres. To prevent the device being shorted out by the
copper coating, the copper was removed from the film,
except in areas where it was required to form the device
electrodes and electrical connector strips (Fig. 4a). This
was accomplished by initially marking the area where the
device electrodes were required using an etch-resistant
pen. The film was then placed in an acidic ferric chloride
etch, which removed the exposed copper coating leaving
copper device electrodes in the desired position. The etch-
resistant ink was finally removed using acetone.

The poled gold coated fibres were attached to the copper
film using silver loaded conductive epoxy glue (Circuit
Works Conductive Epoxy CW2400). To avoid the conduc-
tive glue flowing into the region between the fibres, thereby
creating a short circuit between the two device electrodes, a
very thin layer of the conductive glue was used. This was
achieved using a razor blade to spread the glue over the
surface of the first device electrode. Non-contact profilom-
tery using a Proscan 2000 with a chromatic sensor S5/03
(0.01 lm resolution) determined the epoxy thickness to be
40–45 lm.

The piezoelectric fibre elements were then placed in their
desired positions using tweezers and microscope slides
placed over them upon which a small mass (250 g) was
placed and the glue left to dry. Fig. 4a and b show the fibres
attached to one electrode. Once this had dried, the mass
and slides were removed and the conductive glue was
applied to the second electrode and attached to the fibres
in the same manner. Care was taken to prevent excess air
becoming trapped between the two Kapton sheets during
this process. Microscope slides were placed upon the top
of the device and gently pressed to ensure that the device
was flat and that the second device electrode was in contact
with the piezoelectric elements. Excessive force was
avoided to prevent the silver glue being squeezed between
the device electrodes and causing a short circuit between
them. After the glue had dried, wires were soldered to the
ends of the electrical connector strips to form the com-
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pleted device (Fig. 4c). The flexibility of the device was
good if flexed normal to the fibre direction.

Fig. 5 shows the impedance characteristics of the
completed transducer over the frequency ranges 0–6 and
0–0.6 MHz. The most notable feature is the resonance just
below 2 MHz, which is also exhibited by the individual
fibres (Fig. 3). However the peaks between 2 and 5 MHz
exhibited by the individual fibres are smaller for the small
fibre device. The impedance of the device is also lower than
that of the individual fibres.

4. Acoustography imaging

The completed transducer device was imaged using an
acoustography system [14] to qualitatively assess its output.
Acoustography is a broad-area ultrasonic imaging tech-
nique. It employs an acousto-optic imager formed by a
layer of ultrasound-sensitive liquid crystal that enables
large areas to be imaged instantaneously. The imager is a
device that depends on a resonant interaction between
ultrasonic waves and the liquid crystal film. The thickness
of the film sets the resonant frequency; to 3.3 MHz in the
system used here. The complete acoustography inspection
system comprises the acousto-optic imager and a large area
piezoelectric transducer sound source positioned in a water
immersion tank, separated from each other by about
Fig. 6. Acoustographs of fibre device at an excitation voltage of 100 V. (a)
3.5 MHz.
15 cm. A part to be inspected is placed in the water between
the transducer and the imager to produce an acoustic sha-
dow image that is comparable to a transmission C-scan
image. The system used here had a 65 mm square piezoelec-
tric transducer that generated 3.4 MHz ultrasound and a
circular 75 mm diameter acousto-optic imager.

The flexible transducer was suspended by its connecting
wires inside the acoustography system immersion tank
approximately 5 cm in front of the acousto-optic imager.
The acoustography system sound source was activated to
form the shadow image of the flexible transducer shown
in Fig. 6a. This provided a useful means of defining the
position of the flexible transducer and the active area,
which could be referred back to in subsequent tests.

Following the above, the acoustography system sound
source was switched off and the flexible transducer was
operated at frequencies between 3.2 and 3.5 MHz at volt-
ages between 40 and 100 V (peak to peak). The acousto-
graphs of the transducer show good emission at 80 V and
100 V over the region occupied by the fibres. Fig. 6b–c
show the acoustography images for 100 V condition at
3.4–3.5 MHz. It can also be seen that the brightest part
of the device is the upper half of the piezoelectric region.
One possible explanation for this is that the bonding of
the electrodes is superior in this region. During construc-
tion, fibres in this region were placed down before those
Back lit (to show position of device); (b) 100 V, 3.4 MHz and (c) 100 V,
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diameter hole.
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in the lower region, which may have resulted in a superior
bond since the adhesive exhibited a slight but noticeable
degree of hardening during the placement of the fibres.
For devices with larger numbers of fibres, the fibres could
be laid down in three or four batches according to the size
of the device.

5. Transducer testing in pulse-echo mode

The flexible transducer was tested for its pulse-echo per-
formance on a non-planar test piece in the form of a 38 mm
diameter steel rod, as shown in Fig. 7. A 10 mm diameter
hole was drilled along the axis of the rod to provide a
reflecting surface for ultrasound generated by the trans-
ducer in the rod. The flexible transducer was wrapped
around the rod as shown in the figure.

Acoustic coupling between the transducer and the rod
was achieved using commercial coupling gel. The pulse–
echo performance of the transducer was first assessed using
a MATEC 6600 pulsed oscillator receiver unit. This system
employs a gated pulsed oscillator to generate drive pulses,
of �1 ls width, at a user defined central frequency and a
tuned amplifier in its receiver. The clearest A-scans
obtained from the transducer coupled to the test rod were
found at frequencies �5 MHz and an example is shown in
Fig. 8. This can be seen to comprise two pulse-echo trains
labelled A and B. The echo train A has an echo spacing of
�4.5 ls which is in excellent agreement with that expected
for a pulse-echo reflection from the 10 mm diameter hole,
insert A Fig. 8, longitudinal wave velocity in steel is
5810 ms�1. The echo train B has an echo spacing of about
16.5 ls which corresponds with the four skip acoustic path
around the central hole indicated in insert B Fig. 8. These
results show that a clear reliable pulse-echo response can be
obtained from the flexible transducer applied to a high cur-
vature part.
Fig. 7. Flexible transducer attached to steel cylinder.
In order to asses the frequency spectrum of the trans-
ducer it was connected to an ultrasonic pulser–receiver
(Panametrics 5072PR). The pulse repetition frequency of
100 Hz and a receiver amplifier gain of 29 dB were used.
The built in low pass filter in the pulser–receiver was used
to filter out frequencies above 10 MHz in the received sig-
nal. Additional settings on the pulser–receiver were trans-
mit pulse energy level 1 and damping level 3. The pulser–
receiver outputs a broadband pulse to the transducer.
The received signal from the transducer after amplification
in the pulser–receiver was recorded using a digital oscillo-
scope (TiePie Handyscope HS3), sampling at 50 MHz with
12 bit resolution. No averaging was performed on the
received signal.

The received time-domain signal (A-scan) and its fre-
quency spectrum are shown in Fig. 9a and b, respec-
tively. It can be seen from the frequency spectrum that
the transducer is broadband in that the received signal
has energy content up to a frequency of around
9 MHz. However, its frequency response is not at all flat
and contains multiple resonances, the strongest of which
is at around 2 MHz. For this reason, the raw time-
domain signal is inadequate for NDE usage in conven-
tional pulse-echo (or pitch-catch) configurations. How-
ever, the signal quality can be significantly improved by
filtering. Here filtering was performed in post-processing
using Matlab, but the same effect could be readily
achieved using either a narrowband toneburst signal on
transmission or an analogue bandpass filter in reception.
The first filter employed was tailored to target the reso-
nant peak in transducer response at 2 MHz and used a
Gaussian frequency window with �40 dB points at 1
and 3 MHz. This filter is superposed on the frequency
spectrum in Fig. 9b and the resulting A-scan is shown
in Fig. 9c. Although there is some structure present in
the A-scan, the pulses are too long to be clearly resolved
from each other, indicating that the 2 MHz resonance is
too narrowband to be exploited directly.



0 5 10 15 20 25 30 35 40
-0.1

0

0.1

Time (μs)

Am
pl

itu
de

 (V
)

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

Frequency (MHz)

Am
pl

itu
de

0 5 10 15 20 25 30 35 40

-0.02

0

0.02

Time (μs)

Am
pl

itu
de

 (V
)

0 5 10 15 20 25 30 35 40

-0.01

0

0.01

Time (μs)

Am
pl

itu
de

 (V
)

A A A
A A

a

b

c

d

Fig. 9. (a) Raw A-scan obtained from the flexible transducer applied to a 38 mm diameter steel rod containing an axially drill 10 mm diameter hole; (b)
frequency spectrum of raw A-scan showing positions of Gaussian bandpass filters; (c) A-scan after applying Gaussian bandpass filter from 1 to 3 MHz; (d)
A-scan after applying Gaussian bandpass filter from 3.5 to 6.5 MHz. In (c) and (d) the gray lines are the RF signals and the bold black line is the (Hilbert)
envelope of the signal.

374 C.R. Bowen et al. / Ultrasonics 48 (2008) 367–375
The filter was then changed to target the higher fre-
quency portion of the spectrum around 5 MHz. Again a
Gaussian frequency window was used, this time with
�40 dB points at 3.5 and 6.5 MHz. This filter is also super-
posed on the frequency spectrum in Fig. 9b and the result-
ing A-scan is shown in Fig. 9d. This A-scan has many
similarities to that obtained using the MATEC 6600 sys-
tem, shown in Fig. 8. The train of echoes (labelled A in
the figure) is again clearly visible with a spacing of �4.5 ls.

The ultrasonic frequency spectrum, Fig. 9b shows a
strong peak at �2.2 MHz whilst the impedance spectra of
the fibres and the whole transducer showed fundamental
resonances at �1.8 MHz, Figs. 3b and 5. In addition, the
group of peaks in Fig. 9b between �3.7 MHz and 5 MHz
appear to correlate with the higher frequency resonances
in Fig. 3b moved to higher frequencies. A difference
between the impedance spectroscopy measurements and
the ultrasonic measurements is the voltage used in the
two cases; 500 mV for impedance spectroscopy and 100 V
for the ultrasonic measurements. It is known [18] that the
electric fields applied to ferroelectrics, particularly ‘soft’
compositions such as PZT5A, can alter the polarisation
state as a result of extrinsic contributions (domain motion),
leading to changes in elastic and piezoelectric coefficients.
These results show that a clear reliable pulse-echo response
can be obtained from the flexible transducer applied to a
high curvature part.
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6. Conclusions

This work has demonstrated the manufacture of a flex-
ible piezoelectric transducer utilising piezoelectric fibres
ground to form rectangular fibres of the appropriate thick-
ness. An air gap between the fibres enables good flexibility
normal to the fibre direction and limits the potential for
debonding of the active ceramic phase from the electrode
when subjected to bending. The manufacturing process
can be significantly simplified by directly fabricating rect-
angular rods of the required dimension. Such a process
has already been developed on a commercial scale for
macro fibre composite actuators, although these devices
have interdigited electrode structure and since the axis of
curvature is along the fibre direction there is a lesser degree
of conformability. To ensure good contact between the
electric and active element a gold sputter coating prior to
the application of a gold CVD coating improved the mea-
sured impedance characteristics of the fibres, compared to
the application of a gold CVD coating alone.

The flexibility of the transducer and its applicability in
pulse-echo mode on curved sections was demonstrated by
testing on a 38 mm diameter steel rod. The results demon-
strate that a clear reliable pulse-echo response can be
obtained from the flexible transducer applied to a high cur-
vature part. The transducer was found to have a broad
band highly non uniform frequency response dominated
by the vibrational modes of the small cross-section fibres
used in its construction. However, a useful pulse-echo
response at 5 MHz was obtained from the transducer by fil-
tering its output or by driving it in a narrow band mode.
The ultrasonic pulse-echoes are broader than used for con-
temporary non destructive testing. This is appears to be a
result of transducer ringing that could be reduced by the
addition of a backing layer to the transducer fibres to dam-
pen their resonant responses. This would be a valuable
development of the flexible transducer that has not been
attempted to date. A further development would be to
cut the fibres into sets of short elements, perhaps 3 mm
long, to provide flexibility in the direction normal to that
achieved here.
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