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Abstract— This paper describes the use of piezoelectric ceramic 
fibres (PZT5A) for the fabrication of 1-3 composite transducers. 
Importantly, extensive FE analysis, using the PZFlex code, of 
these devices has been undertaken with complete 3D models 
utilised to reflect the random nature of the device structure. The 
manufacturing process is based on the place-and-fill method. A 
fibre composite block is produced, from which it is then possible 
to slice a number of layers of piezoelectric material with a 
thickness corresponding to the desired frequency of operation. 
These layers have electrodes applied and are then poled. 
Electrical impedance profiles of each device demonstrate 
excellent unimodal behaviour at the thickness resonance 
frequency, and show excellent correspondence with the FE 
models. Moreover, these devices possess high electro-mechanical 
coupling co-efficients (kt > 0.65) for a ceramic volume fraction of 
50% and a medium-set polymer (CIBA GEIGY CY221-HY956). 
Laser vibrometry scans of transducer surface motion 
corroborate the FE predictions of average uniform surface 
displacement notwithstanding local variations due to the random 
nature of the microstructure. Experimental pulse-echo 
assessments, when operating into a water load, demonstrate 
comparable sensitivity and bandwidth characteristics between a 
random fibre and conventional 1-3 composite, with similar 
specification. 
 

I. INTRODUCTION 
In the past decade, 1-3 piezoelectric composite transducers 
have been established as the dominant technology in a number 
of ultrasound fields, such as SONAR, biomedicine and NDT, 
due to their superior acoustic performance over other 
arrangements. Analytical and Finite Element (FE) methods are 
widely employed for the design of these transducers and have 
been thoroughly vindicated [1-5]. However, maintaining a 
suitable pillar aspect ratio (width-to-height) for the efficient 
operation of these devices becomes problematic at higher 
frequencies due to the parasitic modes introduced within 
regular composite structures [3, 4]. These undesirable modes 
often significantly degrade the performance of conventional  
1-3 composite transducers and hence the removal of these 
modes is an attractive proposition [5]. The use of randomly 
arranged pillars within the composite structure may solve 
many of the problems inherent with regular 1-3 designs.  

This paper explores the advantages of employing  
piezoelectric fibres to generate random 1-3 piezoelectric 
composite transducers. FE analysis, using the PZFlex code 
(Weidlinger Associates, CA), was utilised to represent the 
random structure of these devices. The FE predictions show 
excellent agreement with experimental electrical impedance 
and transducer surface motion. Importantly, these devices 
demonstrate comparable sensitivity and bandwidth with a 
conventional 1-3 composite of similar specification, examples 
of which are presented. 

II. METHODOLOGY 

A. Spurious mode generation 
Due to the microstructure in a periodic 1-3 piezocomposite, 

additional modes can be sustained by standing wave patterns 
formed within the composite lattice. Should the composite be 
poorly designed, these modes can couple strongly into the 
fundamental thickness frequency and hence degrade device 
performance, i.e. disrupt desired uniform surface displacement 
motion. 

 It has been reported that these inter-pillar modes are due to 
the S0 Lamb wave mode, which is supported by the periodic 
nature of a conventional 1-3 piezocomposite structure [3, 4]. 
The frequency of the lowest order mode, fL1, can be calculated 
using an estimate for the phase wave velocity, vphase, of a 1-3 
piezocomposite as shown in (1). Importantly, modes also exist 
in the diagonal between pillars but are higher in frequency and 
so are not considered here. 
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where  d0   = centre to centre pillar spacing. 
 

Given this, the removal of the periodicity in the composite 
microstructure should also facilitate the removal of the 
parasitic modes associated with it. 
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B. Manufacturing Techniques 
In this study, 250µm diameter PZ5A fibres (Smart Material 

Corp, FL) were employed in the fabrication of random 1-3 
composites. A simple process was devised which involved 
grouping the fibres together in a disposable, square cross-
section, mould (10 x 10 x 40mm) and potting in a medium-set 
epoxy resin (CIBA GEIGY CY221-HY956). An overall 
ceramic volume fraction of 50% was achieved by weighing 
out the required amount of fibres beforehand using a precision 
balance. This technique took into account the variation (about 
±5%) from the quoted diameter of the supplied fibres. A fibre-
composite block is thus produced from which it is then 
possible to slice a number of layers where the selected 
thickness corresponds to the desired operating frequency.  

Fig. 1(a) illustrates the random position of the fibres within 
the polymer matrix. The ability of this procedure to maintain 
vertical pillars was initially tested using graphite rods in place 
of the fibres. It was found that despite the rods demonstrating 
a degree of curvature along the length of the original block, 
this was mitigated when practical thicknesses for transducer 
manufacture were concerned as the radius of curvature was at 
least two orders of magnitude greater than the device 
thickness. 

Next, these layers have electrodes applied, either by thermal 
evaporation of aluminium or application of silver paint, and 
are then poled at 2 - 2.5 kV/mm using a custom-built poling 
station. In this fashion a selection of different transducers of 
identical composition can be readily obtained from a single 
batch of piezocomposite material without recourse for the 
complicated, and often delicate, manufacturing procedures 
normally associated with conventional periodic 1-3 
piezocomposite manufacture. 
 

C. Finite Element Analysis 
In recent years, FE modelling has become an invaluable 

tool for piezoelectric composite design and analysis across a 
broad range of applications. The ability to represent the 
composite microstructure in 3D provides a unique insight into 
device performance that is difficult to achieve with analytical 
models.  

Traditionally, a combination of 2D and 3D unit cell FE 
models, featuring symmetry at relevant boundaries, has been 
employed to successfully simulate the behaviour of periodic 1-
3 composites [2, 4]. Nonetheless, when considering a non-
periodic pillar arrangement, this approach is no longer 
adequate and a full 3D model must be utilised. 

A Cartesian grid system was maintained to ease 
computational burden, with element size constrained by the 
requirement to prevent excessive 'stair-stepping' when forming 
cylindrical pillars in the polymer matrix. It was found that a 
minimum of 16-20 elements per pillar diameter were 
sufficient to achieve this. Fig. 2 shows the FE model of a 
7.5mm square random fibre 1-3 composite of thickness 
0.75mm (represented by half symmetry), with a ceramic 
volume fraction of approximately 50%, incorporating 250µm 
PZT5A fibres in a medium-set epoxy. The model itself 
consisted of 642 randomly positioned pillars, requiring nearly 
1.5 million elements. Running time on a dual opteron system, 

2GHz/64-bit and 4GB per chip, was approximately 12 hours, 
therefore it could be completed overnight. 
 

 
 

Fig. 1. Photograph of random fibres embedded in a polymer block 
 

 

 
 

Fig. 2. 3D FE model representing a 7.5x7.5mm, 0.75mm thick 1-3 
piezocomposite incorporating 250µm fibres. 
 

III. RESULTS 

A. Electrical Impedance 
Slices of various thicknesses were taken from the fibre 

composite block with excess epoxy removed to give square 
sections approximately 7.5 x 7.5mm. Devices were then poled 
using the equipment described in Section II.B. Table I lists 
some of the key properties of these random composites. 
Importantly, all demonstrate a reasonably high electro-
mechanical coupling coefficient and unimodal behaviour 
around the main thickness mode due to the lack of periodicity 
in the microstructure. However, at thicknesses where the 
height-to-diameter aspect ratio approaches 1, the internal 
radial mode of the fibres begins to corrupt the fundamental 
resonance, as expected. 

For comparison purposes, a periodic 2MHz 1-3 composite 
with a pitch of 0.3mm and a saw kerf of 0.1mm was 
manufactured from PZT5A and a medium-set epoxy (CIBA 
GEIGY CY221-HY956). This provided a device with a 
similar volume fraction and aspect ratio as the random fibre 
composites. Fig. 3(a) and (b) illustrates the excellent 
agreement between the impedance magnitude and phase from 
the experimental periodic 1-3, random fibre 1-3 and the 
random fibre FE model described in Section II.C. 

3.25mm 
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Significantly, the additional inter-pillar mode present in the 
regular 1-3, discernable at around 4MHz in Fig. 3(b), is absent 
in the both the FE and experimental random structures. 

 
Table I. Key properties for a selection of unimodal fibre devices 
cut, electroded and poled at 2-2.5kV/mm. 

 
Sample Thick 

(mm) 
Fe (MHz) Fm (MHz) Kt 

A 2.1 0.758 0.944 0.635 
B 0.75 2.02 2.54 0.652 
C 0.75 2.00 2.53 0.653 
D 0.5 2.94 3.70 0.645 
E 0.5 3.04 3.90 0.664 

 
 

 
(a) 

 

 
(b) 

Fig 3. Impedance comparison for a random fibre 1-3, FE and 
experimental, and an experimental periodic 1-3 (a) magnitude (b) 
phase. 

 

B. Surface Displacement Profiles 
A 2.1mm thick slice was cut from the fibre block (sample 

A) providing a device with an operational frequency of 
758kHz. It should be noted that this increased thickness results 
in an aspect ratio (8.4:1) that would be difficult to recreate in a 
similar periodic 1-3 manufactured using the dice-and-fill 
method. This would be due to the integrity of the pillars being 
compromised when the second orthogonal cut was made. 

The harmonic vibrational motion of the subsequently 
electroded and poled composite was then measured using a 
Polytec OFV-300 laser scanning vibrometer. Crucially, this 

allows further verification of the FE analysis through 
extracting modal displacement behaviour at the fundamental 
thickness mode. The good correlation between the measured 
and predicted displacement magnitude profiles is evident 
through inspection of Figs 4(a) and (b), notwithstanding local 
discrepancies due to the random microstructure. Moreover, 
both measured and simulated displacements demonstrate the 
desired uniform motion, i.e. a flat surface phase profile, as 
expected from such unimodal devices. 

The variation in magnitude between the experimentally 
measured and simulated devices, approximately 2nm/V and 
3nm/V respectively, may be attributed to the incomplete 
poling of the thicker device and the ‘ideal world’ conditions 
present in the FE environment. Nevertheless, the agreement 
between the measured and predicted profile is encouraging 
and gives confidence in the ability of the PZFlex code to 
accurately model the behaviour of these random composite 
microstructures. 

 

 
(a) 

 

 
(b) 

Fig. 4. Surface displacement magnitude for a 2MHz random fibre 
1-3 (a) Finite Element (b) experimental 

 

C.  Pulse-Echo Assessment 
It has been established that random 1-3 composites have 

potential benefits over periodic structures in terms of 
eliminating the inter-pillar modes that can impair transducer 
operation through inducing non-uniform surface vibration. 
However, it is also important to evaluate their acoustic 
performance in comparison to a conventional periodic 
piezocomposite with a similar specification, where particular 
consideration is given to sensitivity and bandwidth. 

Pulse-echo measurements in water were carried out for the 
2MHz devices with the same drive and reception conditions 
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employed for each. Figs 5(a) and (b) illustrate the received 
temporal waveforms and subsequent bandwidths for both 
transducers, respectively. From the Figures it is evident that 
the devices perform almost identically, with near-matching 
sensitivity and bandwidth apparent. Consequently, this 
suggests that for applications where inter-pillar modes are a 
problem with conventional devices, utilising random 
piezocomposites could offer advantages without any loss of 
performance. 
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(b) 

Fig. 5. Experimental pulse-echo comparison between a 2MHz 
random fibre and periodic 1-3 (a) temporal waveform (b) bandwidth 
 

IV. DISCUSSION 
As a large number of ultrasonic transducers in modern 

applications incorporate array technology to various degrees, 
it is useful to consider the impact that employing elements 
consisting of random composites may have. Principal 
indicators of array performance include element directivity 
and mechanical cross-talk, in addition to several others. In this 
work, the effect on inter-element mechanical cross-talk will be 
investigated. 

For this purpose, a FE model was created comprising of a 
3x3 element array, 9mm square, with either a random or 
regular structure, with only the centre element active, and the 
displacement profile across the centre extracted. Fig. 6. shows 
the comparison between the two different microstructures. 
Both have a similar displacement, with the fibres showing a 
slightly higher peak, while exhibiting a lesser degree of cross-
talk, albeit not a significant amount. 

Interestingly, it may also be possible to extend the 
bandwidth of the random fibre composites through some basic 
fabrication manipulations. By utilising fibres of various 
diameters, it is possible to capitalise on the generation of 
additional radial modes, and hence modify the transducer’s 
response in the desired manner. Moreover, it may also be 
conceivable to construct a device with a mixture of 
piezoelectric fibre materials, again with the view to widening 
bandwidth. Preliminary modelling work on this has been 
carried out. 

 

 
Fig. 6. FE mechanical cross-talk comparison between a random and 
a periodic 1-3 piezocomposite, for single element (2.1mm wide) 
excitation. 

V. CONCLUSIONS 
This paper describes the use of piezoelectric fibres as the 

active phase in a random 1-3 composite. A simple 
manufacturing procedure using the ‘place-and-fill’ method is 
employed to fabricate fibre piezocomposite test coupons, in a 
medium-set epoxy. Next, extensive 3D FE analysis using the 
PZFlex code was then utilised to gain insight into the acoustic 
behaviour of the devices, with excellent agreement to 
experimental measurements achieved. Finally, a periodic 1-3 
composite of similar specification was manufactured for 
experimental comparison. Pulse-echo testing revealed the 
random fibre devices demonstrate similar sensitivity and 
bandwidth to their regular counterparts.  
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