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ABSTRACT 

This report describes the research performed over the period of 1 January 1999 to 31 December 
1999 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the topic "Acoustic 
Transduction: Materials and Devices" brings together work from the Materials Research Laboratory 
(MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and Vibrations (CAV) at 
The Pennsylvania State University. As has become customary over many years research on the program is 
described in detail in the 87 technical appendices to this report and only a brief narrative description 

connecting this research is given in the text. 
Perhaps the most outstanding accomplishment of the year is a "spin on" from our earlier single 

crystal studies now involving Brookhaven National Laboratory and Professor Gonzalo's group in Madrid, 
Spain. Using exceptionally homogeneous polycrystal lead zirconate titanate samples prepared in MRL, 
precise synchotron x-ray analysis has confirmed a new monoclinic phase at lower temperature in 
composition close to the important morphotropic phase boundary. This work demands a re-thinking of 
both intrinsic and extrinsic contributions to response in this most important practical transducer material 
family. Domain Engineering/Domain Averaging in lead zinc niobatedead titanate (PZN:PT) in lead 
magnesium niobate:lead titante (PMN:PT) and inn barium titanate (BaTi03) continues to offer single 
crystal systems with outstanding transducer and actuator properties and new insights into the field 
induced strain mechanisms in all perovskite type piezoelectrics. Excellent progress with the new high 
strain irradiated P(VDF:TrFE) relaxor ferroelectric copolymer system has helped catalyze a new DARPA 
initiative in this area and a re-awakening of interest in the whole area of electrostrictive polymer systems. 

A primary objective of this MURI grouping was to help shorten the time constant for new 
materials and device concepts to be applied in practical Navy Systems. We believe this has now been 
realized in joint work on the composite cymbal type flextensional arrays for large area projectors, and in 
the progress made towards a micro-tonpilz array system. 

Original work on new step and repeat piezoelectric high strain systems continues to make good 
progress now using commercial motion rectifiers to produce both linear and rotary systems with high 
torque capability. New composite designs are pushing toward 1 mm diameter motors in the size regimen 
where there are real difficulties for conventional electromagnetic designs. 

A new area of activity this year is in piezoelectric transformers where a circular symmetry design 
in conjunction with controlled inhomogeneous poling is shown to offer capabilities which are of real 
interest for energy recovery actuator power systems. Basic studies have evolved a new environmental 
SEM technique for high resolution domain wall studies without changing problems. Work is continuing 
on reliable measurements of electrostrictive constants in simple solids confirming by both direct and 
converse methods and permitting the first generalization of trends in these fundamentally important 
coupling constants. 
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Abstract 

The cymbal is a miniaturized class V flextensional transducer which was developed for potential use as a shallow water sound 
projector. In underwater tests, the experimental fixture was found to have a pronounced effect on the performance of the 
transducer through modifications of the mechanical boundary conditions imposed on the device. A less restrictive setup was 
devised for the underwater test of a cymbal transducer and very good agreement between the calculations and the experimentally 
measured transmitting voltage response was then obtained. © 1999 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Flextensional transducers were first developed in the 
1920s and have been used as underwater transducers 
since the 1950s [1 ]. They consist of an active piezoelectric 
or magnetostrictive drive element and a mechanical shell 
structure. The shell is used as a mechanical transformer 
which transforms the high impedance, small extensional 
motion of the ceramic into low impedance, large flexural 
motion of the shell. According to the shape of the shell, 
flextensional transducers are divided into five classes [2]. 

Flextensional transducers generally range in size from 
several centimeters to several meters in length and can 
weigh up to hundreds of kilograms. They are commonly 
used in the frequency range 300-3000 Hz [3]. These 
transducers can operate at high hydrostatic pressures 
and have wide bandwidths with high power output. 

A miniaturized version of the class V flextensional 
transducer called the 'moonie,' was developed at the 
Materials Research Laboratory at the Pennsylvania 
State University in the late 1980s [4]. Its basic structure 
is similar to a class V flextensional transducer, but its 

" Corresponding author. Tel: +1-814-862-8461: 
tax: +1-814-865-2326. 
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bonding and fabrication process is much simpler and 
this makes it very easy and inexpensive to mass-produce. 

A second-generation moonie type transducer with a 
thinner cap and a slightly different shape, was also 
developed [5]. It was named the 'cymbal' because of the 
similarity in the shape of its cap to that of the musical 
instrument. The cymbal was originally designed as an 
actuator, which generates moderate force and displace- 
ment, filling the gap between bimorph and multilayer 
actuator. It was later developed by Tressler et al. as an 
underwater sound projector [6]. 

The moonie and cymbal transducers consist of a 
piezoelectric disk (poled in the thickness direction) sand- 
wiched between two metal end-caps. The caps contain 
a shallow cavity on their inner surface. The cavities 
enable the caps to convert and amplify the small radial 
displacement of the disk into a much larger axial dis- 
placement normal to the surface of the caps. This 
contributes to a much larger acoustic pressure output 
than would occur in the uncapped ceramic. 

The purpose of this work was to evaluate the effect 
of test fixtures on the performance of the cymbal trans- 
ducer and to find a proper setup for underwater testing. 
Another goal was to model and predict the underwater 
performance of the cymbal transducer and compare it 
with experimental measurements. 

0041-624X/99/S - see front matter © 1999 Elsevier Science B.V. All rights reserved. 
PII: S0041-624X(99)00021-9 
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2. Experimental procedure 

The      piezoelectric      ceramic     disks      (PKI402, 
Piezokinetics Inc., Bellefome, PA) have a thickness of 
I mm, a diameter of 12.7 mm and were poled in the 
thickness direction. The silver electrodes of PZT disks 
were first ground with sandpaper to remove the oxide 
layer and then cleaned with acetone. Titanium caps were 
punched from Ti foil of 0.25 mm thickness and shaped 
using a special die. The shaped caps had a diameter of 
12.7 mm. The cavity diameter was 9.0 mm at the bottom 
and 3.2 mm at the top. The cavity depth was 0.32 mm. 
The flanges of the Ti caps were ground using sandpaper. 
The caps were then bonded to the piezoelectric ceramic 
disk. The bonding material is an Emerson and Cuming 
insulating epoxy. A ratio of three parts 45LV epoxy 
resin to one part 15LV hardener was used. The thickness 
of the epoxy-bonding layer was approximately 20- 
40 urn. The entire assembly was kept under uniaxial 
stress in a special die for 24 h at room temperature to 
allow the epoxy time to cure. 

The in-air admittance was measured as a function of 
frequency on a Hewlett Packard 4194A impedance 
analyzer. Electrical leads were attached to the flange of 
the metal cap, taking care not to make any contact 
between the leads and the dome area of the metal caps. 

Underwater calibration tests of single cymbals were 
performed at the Applied Research Laboratory at Penn 
State. The tank measures 5.5 m in depth, 5.3 m in width 
and 7.9 m in length. A pure tone sinusoidal pulse signal 
of 2 ms duration was applied to the test transducer and 
its acoustic output was monitored with a standard F33 
hydrophone. The test transducer and the standard were 
positioned at a depth of 2.74 m and were separated by 
a distance of 3.16 m. The mechanical Q, transmitting 
voltage response (TVR), free-field voltage sensitivity 
(FFVS) and directivity pattern were evaluated. 

In the underwater test, the cymbal transducer had to 
be insulated from the conductive water in the tank. In 
addition, it had to be rotated to observe the directivity 
pattern. Therefore, a fixture was needed to hold the 
cymbal transducer. Since we were making use of both 
the radial motion of the ceramic and the flextensional 
mode of the cap, it was difficult to test the performance 
of the cymbal transducer and avoid clamping effects 
from the fixture. Two types of fixtures were investigated 
for the underwater tests, as shown in Fig. 1. In the first 
design (PC boards, Fig. 1 (a)) the cymbal transducer was 
sandwiched between two copper-clad PC boards each 
1.5 mm thick, which also served as electrodes. A hole 
II mm in diameter was drilled through the boards. 
Plastic posts 1.5 mm thick were used to maintain a 
uniform distance between the upper and lower boards, 
which were then screwed tightly together to keep the 
transducers in place. The entire assembly was placed 
inside a tygon container and flooded with castor oil. 

Cymfcal 

Screw 

.Post 

PC board 

(a) with PC boards and screws 

Polyurethane 

/ 

(b) potted in polyurethane 

Fig. 1. Test fixtures used in the underwater tests: (a) with PC boards 
and screws, (b) potted in polyurethane. 

This experiment was easy to set up and quite convenient 
to carry out. 

In the second fixture (potted cymbal, Fig. 1 (b)) a 
coaxial cable was first attached to the flange of the 
metal cap using silver epoxy. Care was taken to avoid 
any contact between the dome of the metal cap and the 
silver epoxy. The cymbal and part of the cable were 
then potted with a polyurethane coating about 0.5 mm 
thick. The polyurethane layer insulated the cymbal from 
the conductive water in the water tank. 

3. Finite element analysis modeling 

The finite element analysis code ATTLA was used in 
modeling the performance of the cymbal transducer. 
ATILA was developed at the Acoustics Department at 
Institut Superieur d'Electronique du Nord (ISEN) to 
model underwater transducers and has been used suc- 
cessfully in the simulation of flextensional transducers 
[7]. Modal analysis was carried out to determine the 
vibration modes, their resonance and antiresonance fre- 
quencies and associated coupling factors. Through har- 
monic analysis, the in-air and in-water impedance and 
displacement field can be computed as a function of 
frequency, together with the TVR, FFVS and the direc- 
tivity patterns. 

A two dimensional axisymmetric model was-used in 
which only half of the cymbal was meshed due to 
symmetry. The mechanical boundary conditions of the 
cymbal transducer were set free in both the in-air and 
the in-water modeling. The thickness of the epoxy layer 
was assumed to be 0.04 mm[8]. In the underwater 
simulation, a dipolar damping element was employed. 
The in-air and in-water meshes are shown in Fig. 2. 
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(a) 

(b) 

4. Results and discussion 

Fig. 2. Meshes of a cymbal transducer: (a) in air, (b) in water. 

Fig. 3 compares the in-air admittance spectrum of a 
single cymbal transducer calculated from ATTLA with 
the experimental measurements. The calculated admit- 
tance spectrum from ATILA agreed quite well with the 
experimental results. The first peak corresponds to the 
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Fig. 3. Measured and calculated in-air admittance as a function of 
frequency for a cymbal transducer. 

(0, 1) or the so-called 'umbrella' flexural mode of the 
metal caps. In the node notation (m, n), integer m is 
the number of radial node lines and integer n is the 
number of azimuthal nodal circles. m=0 for a two 
dimensional axisymmetric body. The second peak came 
from the (0,2) mode of the metal caps. The two 
vibration modes are illustrated in Fig. 4. There were no 
other modes (peaks) between the (0,1) and (0, 2) modes. 
The third peak was the (0, 3) mode of the metal caps 
and will not be discussed here. 

The calculated and measured in-water admittance 
spectra of the potted single cymbal transducer are also 
shown in Fig. 5. Fairly good agreement was achieved. 
The second peak in the admittance spectra was damped 
out by the water loading. The fundamental flextensional 
resonance frequency was shifted from 32 kHz in air 
down to 16 kHz in water due to the loading. For the 
cymbal transducer, its size is only one tenth of the 
wavelength at the first resonance frequency (te-«l), so 
that the imaginary part of the radiation impedance 
(radiation reactance) can be approximated as [9]: 

Xr=pcA*ika/2n 

where k=co/c=2Tz/X, a is the radius of the cymbal, and 
A = na z. 
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(a) (0, 1) mode 

(b) (0,2) mode 

Fig. 4. Vibration modes of the cymbal transducer (a) (0, 1) mode, (b) 
(0, 2) mode. 
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Fig. 5. Measured and calculated in-water admittance of a cymbal 
transducer. 

The radiation reactance, Xn can be regarded as an 
additional vibrating mass (Mr) given by: 

Mr = X,/ü}=(8 /3)pa\ 

This mass is equivalent to that of a cylinder of water 
having the same cross-sectional area as the piston 
(cymbal) and a length of Zaßn. For a half inch cymbal 
transducer, the mass of the water associated with the 
radiation reactance is 0.7 g, which is over half the mass 
of the cymbal transducer itself (1.3 g). This 'associated 
mass' has a very significant effect on the cymbal trans- 
ducer. The amplitude of the fundamental resonance 
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Fig. 6. Measured transmitting voltage response for a cymbal trans- 
ducer of different PZT types. 
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Fig. 7. Calculated and measured transmitting voltage response of a 
potted cymbal transducer. 
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Fig. 8. Measured TVR of a ported 3x3 cymbal planar array. 

frequency   is   greatly  reduced,   and   the   mechanical 
Q-factor was unfortunately increased. 

The measured transmitting voltage response for two 
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Fig. 9. Directivity patterns of a single cymbal transducer (a) calculated from ATILA (free boundary conditions); (b)measurcd with PC boards 
(partially clamped boundary conditions); (c) measured pattern of potted sample (free boundary conditions). 

single cymbals of different PZTs mounted in PC board 
fixtures are shown in Fig. 6. The first peak corresponds 
to the fundamental flextensional mode of the metal cap. 
After the first resonance frequency, there were several 

undulations in the TVR curves. The TVR patterns for 
different PZTs were very different, indicating that there 
were complex interference modes acting on the vibration 
of the cymbal. The calculated TVR curve from ATILA, 
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shown in Fig. 7, gave no peaks in this frequency range. 
Indeed, no peaks were expected to be in the frequency 
range between the (0, 1) mode and (0, 2) modes, which 
is apparent from the in-air admittance spectrum. We 
reasoned that the difference between the calculation and 
the measurements was related to the test fixtures which 
altered the mechanical boundary conditions of the 
cymbal transducer. In the in-air test and the FEM 
analysis, the boundary conditions were assumed to be 
'free'. But with the PC board configuration, the small 

' screws partially clamp the flange of the cymbal trans- 
ducer. In addition, it was discovered that the PC board 
and the screws interfered with the vibration of the metal 
caps, which lead to the undulations in the TVR curves. 
Thus, it was difficult to predict its performance with the 
partially clamped boundary conditions. 

A second set of test fixtures, the potted cymbal 
described in Section 2, was employed to minimize the 
clamping effect. The TVR curve of the potted cymbal 
transducer and the simulation are shown in Fig. 7. A 
nearly perfect match was obtained between them. There 
was a sharp dip around 65 kHz which came from the 
(0, 2) mode of the metal cap. As shown in the vibration 
mode, the two portions of the cap vibrated out of phase. 
The pressures from different portions of the metal caps 
cancelled out and lead to a sharp drop in response. 
There were no peaks (undulations) between the funda- 
mental flextensional resonance frequency and the (0, 2) 
resonance frequency in water. The response was flat 
over this frequency range. This result confirms the fact 
that the PC board fixture plays an important role in 
creating the undulations observed in the previous tests. 

The mechanical Q-factor is around 10 for the single 
cymbal transducer, which is rather high compared to 
other flextensional transducers. This is due to the fact 
that its size and weight are small, as discussed previously. 
Single cymbal transducers will find very limited use as 
sound projectors because of the high Q. But its small 
size and low weight and extremely low cost render 
possibile to incorporate it into an array to achieve the 
desired power and beam pattern. It has a rather flat 
TVR response between (0,1) and (0,2) modes and may 
be used as arrays in this frequency range. A preliminary 
result for a 3x3 cymbal array potted in polyurethane 
is shown in Fig. 8 and compared with the single cymbal 
transducer. The array measured 6 x 6 cm and had a 
thickness of 5 mm. A flat and much improved TVR 
response over the single element was observed over the 
frequency range of interest. Experiments are underway 
to design planar or conformal cymbal transducer arrays 
for different applications. 

Directivity patterns of a single cymbal transducer 
tested in two types of fixtures are shown in Fig. 9 and 
are compared with the simulation. Near the first reso- 
nance frequency they both show omnidirectional pat- 
terns   which  agree  with  the calculation.   At  higher 

frequencies, near 30 kHz and 50 kHz, omnidirectional 
patterns were observed in the potted cymbal case and 
in the calculation. But the cymbal with the PC board 
fixture gave a directional pattern which deteriorates at 
50 kHz. This again indicated that the test fixtures have 
a very pronounced effect on the performance of cymbal 
transducer, especially at higher frequencies, making pre- 
diction impossible. The test fixtures must be carefully 
chosen during the test to avoid interference with the 
transducer performance. 

5. Conclusions 

The behavior of the cymbal transducer is strongly 
affected by the boundary conditions imposed by the 
testing fixtures. Each fixture has to be properly evaluated 
with relation to the boundary conditions imposed on 
the sample and its interaction with the vibration modes 
of the transducer. Very good agreement between the 
calculated and experimentally measured transmitting 
voltage response and directivity patterns was obtained 
after the proper experimental setup was applied. ATTLA 
can be used to predict, and therefore guide, the design 
of the experimental arrangements. Single cymbal trans- 
ducers were characterized in underwater tests which 
provide valuable information that will be used in 
designing cymbal arrays. 
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Abstract 

A prototype 3x3 planar cymbal transducer array was built and tested. The array has a radiating area of 5.5 cm x 5.5 cm and 
a thickness of less than 8 mm. The measured transmitting voltage response was above 134 dB re 1 uPa/V @ 1 m and flat over the 
frequency range of 16 and 100 kHz. Array interaction was analyzed using an equivalent circuit model. The array interaction leads 
to variations in radiation resistance and velocity of the transducers in the array according to their surroundings in the array. The 
effect is enhanced overall efficiency and a flat response. © 2000 Elsevier Science B.V. All rights reserved. 

Keywords: Array modeling; Flextensional transducer; Sound projector; Transducer array; Underwater sound; Underwater transducer 

1. Introduction 

The cymbal transducer was developed by Newnham 
et al. in the early 1990s [1]. It evolved from the commer- 
cially successful moonie patent [2]. The moonie and 
cymbal transducers consist of a piezoelectric disk (poled 
in the thickness direction) sandwiched between two 
metal end caps. The caps contain a shallow cavity on 
their inner surface. The presence of the cavities allows 
the caps to be used as a mechanical transformer, which 
transforms the high impedance, small extensional 
motion of the ceramic into low impedance, large flexural 
motion of the shell. According to the shape of the metal 
caps, this structure is a small Class V flextensional 
transducer [3]. Compared to the traditional flextensio- 
nal transducers, which have a complicated design, are 
usually assembled by hand and are therefore expensive, 
the fabrication process of the moonie and cymbal is 
very simple, easy and inexpensive to mass-produce. 

The cymbal was originally designed as an actuator, 
which provides a sizeable displacement as well as a large 
generative force, bridging the gap between the two most 
common actuators, bimorph and the multilayer [4]. It 
was later proposed [5] by Newnham et al. as an under- 
water   transducer,   as   both   sound   projector   and 
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hydrophone. As a sound projector, the cymbal trans- 
ducer is attractive in its low weight, low cost and thin 
profile and its ability to produce medium to high 
output power. 

Since the cymbal transducer is small compared to the 
wavelength in water around resonance, it has a very low 
radiation resistance and a relatively high radiation reac- 
tance, which means that the transfer of radiated acoustic 
power from the surface of the radiator to the water is 
very inefficient. Since the overall efficiency is the product 
of the radiation and mechanical transduction efficiencies, 
the cymbal's overall efficiency would also be low, even 
if the mechanical transduction rate is high [6]. The high 
Q and low efficiency of the cymbal transducer make it 
difficult for the cymbal transducer to find practical 
applications, and it is necessary to assemble them into 
arrays to achieve the desired source level and directivity. 
In assembling arrays, it is always desirable to have the 
transducer elements close packed in the array to save 
space. 

It is well known that in closely packed arrays, acoustic 
interactions occur that lead to different acoustic loading 
on each transducer element, depending on its position 
in the array [7]. This then results in significant variations 
in the volume velocity of each array element. These 
interactions reduce the acoustic output power of the 
array, and in some extreme cases, a transducer element 
may have a negative radiation resistance and absorb 

0041-624X/00/J - see front matter O 2000 Elsevier Science B.V. All rights reserved. 
HI: S0041-624X(99)0011l-0 
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acoustic power. The acoustic interactions are especially 
serious when the transducer elements are small com- 
pared to the wavelength and if they have a high effi- 
ciency. Since the single cymbal transducer has a low 
overall efficiency, array interactions may not pose any 
serious problems in cymbal arrays. 

The objectives of this work were to design a planar 
cymbal transducer array, initially a planar array, and to 
model and understand the array element interaction in 
order to optimize the array performance. The informa- 
tion gathered here will be used to design larger confor- 
mal arrays for underwater vehicle applications. 

2. Experimental 

2.1. Single element 

The piezoelectric ceramic disks (PKI402, 
Piezokinetics, Bellefonte, PA) have a thickness of 1 mm 
and a diameter of 12.7 mm. The PZT disks were poled 
in the thickness direction. The silver electrodes on the 
PZT disks were first ground with sandpaper to remove 
the oxide layer and then cleaned with acetone. Titanium 
caps were punched from Ti foil of 0.25 mm thickness 
and shaped using a special die. The shaped caps had a 
diameter of 12.7 mm. The cavity diameter was 9.0 mm 
at the bottom and 3.2 mm at the top. The cavity depth 
was 0.32 mm. The flanges of the Ti caps were ground 
using sandpaper. The caps were then bonded to the 
piezoelectric ceramic disk. The bonding material was an 
Emerson and Cuming insulating epoxy. A ratio of three 
parts 45 LV epoxy resin to one part I5LV hardener was 
used. The thickness of the epoxy-bonding layer was 
approximately 20 um. The entire assembly was kept 
under uniaxial stress in a special die for 24 h at room 
temperature to allow the epoxy time to cure. 

2.2. Array fabrication 

Single element cymbal transducers were incorporated 
into a 3 x 3 square planar array. Each element has a 
center-to-center spacing of 13.5 mm. Two different 
schemes were proposed. 

2.2.1. PC board technique 
The nine cymbals were sandwiched between two 

copper-clad PC boards each 1.5 mm thick. Holes 11 mm 
in diameter were drilled equidistant from one another 
through the boards. Each element had a center-to-center 
spacing of 13.5 mm. Plastic posts 1.5 mm thick were 
used to maintain a uniform distance between the upper 
and lower panels, which were screwed together tightly 
to keep the transducers in place. The elements were 
electrically in parallel due to the PC board configuration. 

Fig. 1. Two arrays: (a) the cymbals were sandwiched between two PC 
boards; (b) the cymbals were potted in polyurethane. 

2.2.2. Direct potting technique 
The elements in the array were connected electrically 

in parallel using very fine electrical wire. Conductive 
epoxy was used to bond the wire to the flange of the 
cymbal transducers. The assembled cymbal transducer 
array was then potted in polyurethane with hardness 
Shore-A 90. Pictures of the two arrays are shown 
in Fig. 1. 

Underwater calibration tests of cymbal transducers 
were performed at the Applied Research Laboratory at 
Penn State. The tank measured 5.5 m in depth, 5.3 m in 
width and 7.9 m in length. A pure tone sinusoidal pulse 
signal of 2 ms duration was applied to the test trans- 
ducer, and its acoustic output was monitored with a 
standard F33 transducer used as a hydrophone. The test 
transducer and the standard were positioned at a depth 
of 2.74 m and separated by a distance of 3.16 m. The 
parameters measured were transmitting voltage response 
(TVR), free-field voltage sensitivity (FFVS), and direc- 
tivity pattern. 

3. Array modeling 

A transducer can be represented by an ABCD transfer 
matrix, which relates input voltage and current, and the 



J. Zhang et at. / Ultrasonics 37 (2000) 523-529 525 

output force and velocity in the form [8]: 

*J Bl\(fl 
C,    D, 

(1) 

where e and / are voltage and current at the electrical 
terminal, and / and v are the force and velocity at the 
mechanical (acoustical) terminals, respectively (/=1 to 
N, N is the number of transducers in the array). 

By definition, the force on they'th transducer is 

/;= Z **.»«.. (2) 

where zjm is the mutual impedance matrix, which can 
be calculated from the Pritchard approximation [9]. 

Substituting Eq. (2) into Eq. (1), we obtain IN linear 
equations. By solving this linear system, the velocities 
of each transducer in the array were obtained. 

The ABCD parameters could be calculated from 
lumped equivalent circuit parameters. An equivalent 
circuit of the cymbal transducer is shown in Fig. 2. 
Here, C0 is the clamped capacitance, and N is the 
electromechanical turns ratio. C represents the mechan- 
ical compliance, M the dynamic mass, and R the 
mechanical impedance. In calculating the ABCD para- 
meters, an effective radiating area was required and was 
taken to be the surface area of the caps. The equivalent 
circuit parameters of the cymbal transducer are: 

C0: clamped capacitance, 2.02nF 
C: compliance, 9.9 x 10"' m/N 
M: dynamic mass, 8.25 g. 

The program 'ARRAY' [10], developed by J.L. 
Butler, was used to calculate the mutual impedance 
matrix and the velocities of the transducers in the array. 

4. Results and discussion 

The TVRs of the two 3x3 arrays with different 
mounting schemes, the direct potting and PC board 
case, are shown in Fig. 3. The direct potting array has 
a significantly higher TVR than its counterpart made 
with PC board. The transmit response was also flatter 
over the frequency range of interest because the PC 
boards impose an anisotropic stress on the flange of the 
cymbal transducer and partially clamp it, as it did for 
the single cymbal [11]. This clamping results in lowered 
TVR and spurious peaks in the transmit response. In 

t 
S3 

1:N 

Fig. 2. Equivalent circuit of the cymbal transducer. 

4t *» 

Frtquacy (kill) 

Fig. 3. Measured transmitting voltage response of 3 x 3 arrays assem- 
bled in two different mounting schemes. 

addition, the PC boards lead to abnormal beam patterns 
over the frequency range of interest. Fig. 4 and Fig. 5 
show the measured beam patterns of the two arrays 
along with predicted beam pattern. In the calculation, 
we assumed the cymbal transducer functions as a point 
source. This assumption was valid since a single cymbal 
transducer under free conditions is omnidirectional up 
to 60 kHz [11]. At frequencies below the resonance 
frequency, IS kHz, each array shows near omnidirec- 
tional beam patterns and agrees well with the calcula- 
tion. As the frequency was increased, the detrimental 
effect of the PC board was seen clearly as low as 30 kHz. 
The beam patterns of the PC board sandwiched array 
shows asymmetric and distorted beam patterns at 
30 kHz and above. However, the beam patterns of the 
potted array were symmetric and agreed well with the 
calculation, particularly for the main lobes. As no 
additional boundary conditions were imposed on the 
transducers in assembling of the array, the beam patterns 
of the potted array were predictable, which is of great 
advantage in the design of large sonar transducer arrays. 

The introduction of a polyurethane coating along 
with the thin profile and small size of the cymbal 
transducer also makes it possible to build a flexible 
array from the cymbal transducers. It can then be bent 
to make a conformal cylindrical array, which can be 
wrapped around the shell of underwater vehicles. 

The direct potting array removes any possible inter- 
ference from fixtures, making an ideal geometry for 
array analysis. The cymbal is much smaller than a 
wavelength at resonance, validating the use of the 
Pritchard approximation to calculate the mutual radia- 
tion impedance. In the array modeling, the cymbal 
transducer was modeled as a dual piston, since the 
cymbal has two caps. The equivalent circuit parameters 
used here were all measured except for the electrome- 
chanical turns ratio. The turns ratio was calculated from 
ATILA and is a function of frequency. In this case, a 
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Fig. 4. Beam patterns of the 3 x 3 array with PC board. 

value of 0.11 N/V was adopted for the resonance fre- 
quency around 17 kHz. Fig. 6 shows the calculated TVR 
of a single cymbal transducer. A reasonable agreement 
between the measurement and calculation was obtained 
around resonance, validating the use of these equivalent 
circuit parameters. Fig. 7 shows the calculated TVR for 
the 3x3 planar array; a reasonable agreement was 
obtained between the calculation and the experiments 
near resonance. 

When a transducer is assembled in an array, the 
radiation loading on each individual source is different, 
depending on its position in the array. The single 
transducer adjusts by changing its velocity. In the 3 x 3 
array, the transducers were grouped into three categories 
due to the symmetry of the array, as shown in Fig. 8. 

The normalized radiation resistance (relative to that 

of a single element) of each group of transducers in the 
array is shown in Fig. 9. Near resonance, the normalized 
radiation resistance of all three groups of transducers is 
greater than unity. As expected, the radiation resistance 
of the center transducer oscillates the most with fre- 
quency, with quite a low radiation resistance below 
resonance. This is where the center transducer might 
have a negative radiation resistance. Fortunately, the 
single cymbal transducer has a low overall efficiency, 
and does not possess a negative value in this array. As 
frequency increases, the radiation resistance of the trans- 
ducers decreases and approaches unity, indicating less 
array interaction at high frequencies. Fig. 10 shows the 
velocities of the three types of transducers near the 
resonance frequency. The velocities are normalized rela- 
tive to »u, the velocity of a separate, single cymbal 
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Fig. 5. Beam patterns of the potted 3x3 array (—: measured; —: calculated). 

transducer. Due to the increase in radiation compared 
to a single transducer, the velocities of all three groups 
were smaller than that of a single cymbal transducer 
with no acoustic loading. The Group A transducer has 
the smallest velocity since it has more surrounding 
transducers than the other groups and 'feels more acous- 
tic loading'. Another consequence of this mutual radia- 
tion resistance in the array is the much higher efficiency 
of an individual cymbal transducer. This is shown in 
Fig. 11. The array has an efficiency over 30% for this 
small array, compared to the very small efficiency of the 
single cymbal transducer. 

Fig. 12 shows the normalized velocity of the Group 
A transducer plotted as a function of spacing between 
elements. At a spacing of 15 mm, the velocity of the 
Group A transducer in the array is only 10% of that of 

a single transducer, indicating a strong acoustic inter- 
action at a small spacing. Although the strong inter- 
action at this spacing results in small TVR values around 
resonance frequency, it flattens the transmit response of 
the array, as shown in Fig. 13. As the spacing increases, 
the normalized velocity variations among the three 
group transducers decrease and approach unity, indicat- 
ing less array interaction. As a result of this, the pre- 
dicted peak value of the 3 x 3 array increases at the cost 
of losing the flat TVR response. 

5. Conclusions 

In assembling arrays, care must be taken not to 
introduce additional mechanical boundary conditions. 
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The direct potting technique of mounting cymbal trans- 
ducers in the array does not complicate the mechanical 
boundary conditions of the transducer in the array and 
gives more predictable beam patterns. The TVR for the 
direct potted array exceeds 134 dB re 1 uPa/V @1 m 
and is flat over the frequency range of interest. A simple 
equivalent circuit model was successfully used to analyze 
the array interaction in a small square array. The 
velocities of the transducer decrease significantly near 
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.Fig. 8. Group A, B, C transducers in the array. 
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Fig. 12. Normalized velocity of group A transducers as a function of 
frequency and spacing. 

resonance compared to a single element, depending on 
the spacing between the elements and their surroundings. 
The array interaction works to its advantage in the sense 
that it flattens the transmit response around the reso- 
nance frequency, and, more importantly, it enhances the 
efficiency of the array. 
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Abstract A new type of cymbal transducer, called the 
concave cymbal, has been developed to increase the 
pressure tolerance and reliability of the transducer under 
high hydrostatic pressure. The main feature of the new 
design is a lead zirconate titanate ceramic ring sand- 
wiched between two concave metal endcaps. It shows 
much improved pressure performance and can withstand 
a pressure of up to 6 MPa while maintaining high effec- 
tive hydrostatic piezoelectric coefficients. When incorpo- 
rated into a planar array with a radiating area of 
5.5 cmx5.5 cm and weight of only 30 g, a transmitting 
voltage response of around 125 dB re 1 uPa/V @ 1 m 
was obtained over a frequency range between 20 and 
50 kHz. 

Key words Piezoelectricity • Underwater transducer • 
Flextensional transducer • Ring-shell transducer • 
Electroacoustic transducer • Hydrophone • Sensor • 
Sound projector • Transducer array • Transducer 
modeling 

Introduction 

Flextensional transducers were first developed in the 
1920 s and have been used as underwater transducers 
since the 1950s [1]. They consist of a piezoelectric or 
magnetostrictive drive element and a mechanical shell 
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structure. The shell is used as a mechanical transformer 
which transforms the high impedance, small extensional 
motion of the ceramic into low impedance, large flexural 
motion of the shell. According to the shape of the shell, 
flextensional transducers are divided into five classes [2]. 
Flextensional transducers range in size from several cen- 
timeters to several meters in length and can weigh up to 
hundreds of kilograms. They are commonly used in the 
frequency range of 300 to 3000 Hz [3]. They can operate 
at high hydrostatic pressures, and have wide bandwidths 
with high power output. The fabrication process is labor 
intensive and not easy to control due to the application of 
pre-stress, therefore its cost is quite high. 

A new type of high performance flextensional trans- 
ducer, called the "moonie", was developed at the Materi- 
als Research Laboratory at the Pennsylvania State Uni- 
versity in the late 1980's [4]. Its basic structure is similar 
to a Class V flextensional transducer, but its bonding and 
fabrication process are very simple, which makes it very 
easy and inexpensive to mass-produce. 

A second-generation moonie type transducer, which 
has a thinner cap with a slightly different shape, was also 
developed [5]. It was named the cymbal because of the 
similarity in shape of its cap to that of the musical instru- 
ment of the same name. 

The moonie and cymbal transducers consist of a pi- 
ezoelectric disk (poled in the thickness direction) sand- 
wiched between two metal end caps. The caps contain a 
shallow cavity on their inner surface. The presence of the 
cavities allows the caps to convert and amplify the small 
radial displacement of the disk into a much larger axial 
displacement normal to the surface of the caps, which 
contributes to a much larger acoustic pressure output 
than would occur in the uncapped ceramic. 

The standard cymbal is intended for shallow water use 
(no deeper than 200 m water) due to its convex structure 
and thin caps. If the hydrostatic pressure exceeds a cer- 
tain threshold, the metal caps deform permanently and 
the cavity collapses, thus destroying the amplification ef- 
fect [6]. A new type of cymbal transducer, which is 
called the concave cymbal, or double-dipper cymbal, was 
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Fig. 1 Cross-sectional views 
of the (a) standard cymbal, and 
(b) double-dipper cymbal 
transducers 

(a) 

(b) 

ATILA was developed at the Acoustics Department at Institut Su- 
perieur d'Electronique du Nord (ISEN) to model underwater trans- 
ducers [7]. A static analysis was performed to provide information 
concerning pre-stresses and the transducer's response under hy- 
drostatic pressure. Modal analysis was carried out to determine the 
vibration modes, their resonance and antiresonance frequencies, 
and associated coupling factors. Through harmonic analysis, the 
in-air and in-water impedance and displacement field can be com- 
puted as a function of frequency, together with the Transmitting 
Voltage Response, Free Field Voltage Sensitivity and the directivi- 
ty patterns. In this study, ATILA was used to estimate the TVR 
and FFVS of several cymbal transducer designs. 

developed to improve the pressure tolerance. In this new 
design, a ceramic ring is used instead of a disk. The ring 
is sandwiched between two inverted metal caps. One ad- 
vantage of this design is that it greatly improves the pres- 
sure tolerance of the cymbal transducers. Another advan- 
tage is that the ceramic and the metal caps vibrate in 
phase, eliminating any out-of-phase component of the ra- 
diating field. Schematic drawings of a standard and a 
double-dipper cymbal transducer are shown in Fig. 1. 

Experimental 

A Fabrication 

Brass caps were punched from a metal foil of 0.25 mm thickness 
and shaped using a special die. The shaped caps had a diameter of 
12.7 mm. The cavity diameter was 9.0 mm at the bottom and 
3.2 mm at the top. The cavity depth was 0.2 mm. The caps were 
then bonded to a piezoelectric ceramic ring (PKI 552. Piezokinet- 
ics Inc., Bellefonte, PA) having a thickness of 1 mm, outer diame- 
ter of 12.7 mm, and inner diameter of 9.0 mm. The PZT rings 
were poled in the thickness direction. The bonding material is an 
Emerson and Cuming insulating epoxy. A ratio of three parts 
45 LV epoxy resin to one part 15 LV hardener was used. The 
thickness of the epoxy bonding layer was approximately 20 urn. 
The entire assembly was kept under uniaxial stress in a special die 
for 24 hours at room temperature to allow the epoxy time to cure. 

Single element cymbal transducers were incorporated into a 9- 
element square planar array. The nine cymbals were sandwiched 
between two copper-clad PC boards each 1.5 mm thick. Holes 
11 mm in diameter were drilled equidistant from one another 
through the boards. Each element has a center-to-center spacing of 
13.5 mm. Plastic posts 1.5 mm thick were used to maintain a uni- 
form distance between the upper and lower panels, which were 
screwed together tightly to keep the transducers in place. The ele- 
ments are electrically in parallel because of the PC board. After 
assembly, the array had a dimension of 5.5 cmx5.5 cm and a 
thickness of 0.4 cm. Its weight was around 30 g. 

Underwater calibration tests of single cymbals and arrays were 
performed at the Applied Research Laboratory at Penn State. The 
tank measures 5.5 m in depth, 5.3 m in width and 7.9 m in length. 
A pure tone sinusoidal pulse signal of 2 msec duration was applied 
to the test transducer and its acoustic output was monitored with a 
standard F33 hydrophone. The test transducer and the standard 
were positioned at a depth of 2.74 m and separated by a distance 
of 3.16 m. The parameters measured for these underwater devices 
were resonance frequency, mechanical Q, Transmitting Voltage 
Response (TVR), Free-Field Voltage Sensitivity (FFVS), and 
beam pattern. 

B Finite element analysis 

The Finite Element Analysis code ATILA was used in the evalua- 
tion and further improvement of our cymbal transducer designs. 

Results and discussions 

It has previously been shown for standard cymbals that 
the flextensional resonance frequency can be tailored 
easily by changing the cap material and geometry [8]. 
The concave cymbal utilizes the same amplification 
mechanism as the standard cymbal, but its flextensional 
resonance frequency is slightly lower than its standard 
counterpart as is shown in Table I, and it is also easily 
tailored. Other in-air characteristics of concave cymbal 
transducers are also shown and compared with standard 
cymbal transducers in Table I. The effective d33 and ca- 
pacitance of concave cymbal transducers are smaller 
than those of standard cymbal transducers due to less pi- 
ezoelectric material used in the device. 

Figure 2 shows a representative admittance spectrum 
of a concave cymbal transducer. The first peak, at 
22 kHz, is associated with the flextensional mode of the 
composite transducer. The higher resonance peaks comes 
from the coupling between the radial mode of the ceram- 
ic ring and high order flextensional modes. Figure 2 also 

Table 1 Typical in-air characteristics of standard and concave 
cymbal transducers   

Standard cymbal      Concave cymbal 

Flextensional frequency 
Coupling coefficient 
Effective d33 
Capacitance 

24 kHz 
20% 
12000 pC/N 
2.9 nF 

23 kHz 
15% 
4000 pC/N 
1.2 nF 

100 

01 
E 

E 
5 

0.1 

0.01 
0 50 100 150 

Frequency (kHz) 

Fig. 2 Admittance spectrum of a single concave cymbal transduc- 
er and a nine-element array 
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Fig. 4 Measured and calculated (ATILA) (a) TVR and (b) FFVS 
of a concave cymbal transducer 

shows the admittance spectrum of a nine-element con- 
cave cymbal array. Its resonance is damped and broad- 
ened due to element interactions and the fact that the in- 
dividual elements have slightly different frequencies. 

Figure 3 shows the pressure dependence of the effec- 
tive dh of double-dipper and standard cymbals. Effective 

20 40        60 

Fraojancyfl**) 

\ for bulk PZT as a function of pressure is also shown 
and compared. Both standard and concave cymbals have 
effective dh values over fifty times larger than that of 
bulk piezoelectric material. The standard cymbal can 
withstand 2 MPa, but when the pressure increases over 
2 MPa, it fails catastrophically. In the case of the con- 
cave cymbal, it has a slightly lower dh than the standard 
cymbal but it survives up to 6 MPa without significant 
degradation in its properties. The concave cymbal exhib- 
its much improved pressure tolerance under hydrostatic 
loading. Under some certain higher pressures, the con- 
cave cymbal may fail due to the meeting of the two brass 
end caps which causes a short circuit. But it can be 
avoided by applying a thin insulating layer between the 
brass caps and its pressure tolerance can be further im- 
proved. 

The TVR and FFVS of a single concave cymbal are 
shown in Fig. 4. Like the standard cymbal, the concave 
cymbal shows narrow band characteristics with a me- 
chanical Q around 9. The TVR and FFVS calculated 
with the ATILA code are also shown for comparison 
with the experimental results. Fairly good agreement is 
obtained indicating that ATILA adequately models the 
cymbal behavior in water. The small discrepancies be- 
tween the calculated and the experimental results may 
arise from imperfections in the ring, from stresses in the 
metal caps, or from the fact the contribution of the epoxy 
bonding layer and the fixtures used to hold the sample 
were not taken into account in modeling. 

Since individual concave cymbals are not powerful 
enough, and are not sufficiently broad-band for practical 
use, the incorporation of single elements into arrays is 
necessary to improve underwater performance. The TVR 
and FFVS of a nine-element array of concave cymbal 
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transducers are illustrated in Fig. 5. The array shows 
broader band characteristics in both TVR and FFVS. It 
has a TVR of around 125 dB re 1 uPa/V @ 1 m and is 
rather flat over the frequency range from 20-50 kHz. Its 
FFVS is not as flat as the TVR, but a wider bandwidth 
can be obtained by incorporating more cymbal elements 
into the array and by precisely controlling and arranging 
the resonance frequencies and position of the array ele- 
ments. Modeling studies are under way to optimize the 
performance of a double-dipper array. 

The use of PZT rings allows the drive elements to be 
poled in different directions. The ring can be poled 
through its thickness as in this experiment, or it can also 
be poled radially, in which case d3? can be used and the 
electromechanical coupling coefficient is expected to be 
higher. 

hydrostatic piezoelectric coefficients. The improved 
pressure performance allows the concave cymbal trans- 
ducer array to work both in shallow water and in deep 
submergence. 

Conclusion 

Potential applications 

Concave cymbal transducers demonstrate a much im- 
proved pressure tolerance over standard cymbals and can 
go much deeper underwater, extending the range of oper- 
ation for cymbal transducers. The simple fabrication pro- 
cess makes it easy to mass-produce these transducers 
which will greatly reduce its cost. The thin profile, light 
weight and low cost makes it possible to assemble a very 
large array of cymbals, either in a planar or conformal ar- 
ray. It is expected that the array can be further optimized 
to work as well as a standard Tonpilz array when a high 
source level is bit required. The cymbal transducers may 
be a good transducer for conformal arrays where drasti- 
cally reducing the vehicle's weight and cost is important. 
Hard, PZT4, instead of soft, PZT5, piezoelectric drive el- 
ements can be used to achieve a high source level. 

The low-cost concave cymbal array can also be used 
as a receiver for acoustic imaging. The most useful fre- 
quency range for underwater imaging appears to be the 
5-50 kHz band [9] where the concave cymbal transducer 
excels. When fully optimized, an array of cymbal hydro- 
phones may serve as a multi-element receiver capable of 
functioning as an acoustic camera. Phased arrays of a 
thousand or more hydrophones are feasible using these 
small low-cost, mass-produced components with high 

The concave, or double-dipper cymbal, is shown to have 
a much higher pressure tolerance than the stardard cym- 
bal Its thin profile and small size make it easy to mount 
in a planar or curved array. When incorporated into a 
planar nine-element array, it shows medium output pow- 
er and broad band characteristics combined with a small 
radiating area and light weight. The double-dipper cym- 
bal is a promising candidate as an underwater sound pro- 
jector and receiver. 
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Miniature hollow spheres of lead zirconate titanate have been prepared with a coaxial nozzle 
process using fine grain slurry of PZT-5. Following the binder burnout and sintering, the 
spheres were poled radially and tangentially to be tested as piezoelectric transducers for 
underwater microprobe hydrophone applications. For the radially poled spheres the principal 
modes of vibration were found to be breathing and thickness modes with breathing mode 
resonance shifting to lower frequencies with increasing sphere size. For tangentially poled 
spheres, the main modes were determined to be an ellipsoidal, a higher order circumferential, 
and breathing modes near 230 kHz, 350 kHz and 700 kHz, respectively. Higher frequency 
coupled modes were also observed. Hydrostatic piezoelectric charge coefficients (rf*) of the 
transducers were measured to obtain a hydrophone figure of merit for microprobe applications, 
resulting in dh values ranging from 600 to 1,800 pC/N. These values are substantially higher 
than that of bulk PZT transducers. 

Keywords: Piezoelectric hollow spheres; hydrophones; finite element analysis 

1. INTRODUCTION 

Increasing use of ultrasonic techniques in biomedical and underwater 
applications and the sophistication of these techniques has increased the 
need to characterize the acoustic fields created by ultrasonic transducers. In 

'Corresponding author. 
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the last forty years several different techniques and probe designs have been 
employed for this purpose, including rod-guided waves,[1] thermoacoustic 
sensors,121 fiberoptic sensors utilizing acoustooptic interaction[3] and 
miniature ultrasonic probes made from ceramic and polymer-based piezo- 
electrics.[4-7] Miniature ultrasonic probes have been used both for mapping 
the field of a hydrophone as well as the nonacoustic field of turbulent flow. 
There are, however, several important requirements for microprobe sensors 
in these applications. In detecting underwater signals, omnidirectionality is 
highly advantageous. However, accurate mapping of an acoustic field 
requires that: (i) the physical dimensions of the probe should be smaller than 
the acoustical wavelength of interest, (ii) the resonance frequencies of the 
probe should be well above the frequency range of interest, (iii) adequate 
sensitivity with an acceptable signal-to-noise ratio and (iv) wide band- 

width. V'n 

Although volume expanders with spherical shape are thought to be the 
best way to achieve omnidirectionality, there are problems associated with 
fabricating hollow spheres with sizes in the millimeter range, as pointed 
out by previous researchers.181 The literature contains a number of 
examples of transducers prepared from piezoelectric plates, but these 
transducers have a pronounced directivity even when the probe dimensions 
are smaller than a wavelength.(5,8I Solutions proposed previously for the 
directivity problem include solid-core spherical probes f5,81 and hollow 
cylindrical probes.17' 

In addition to the underwater applications, spherically shaped transdu- 
cers are also desirable in medical ultrasound applications. Examples 
include a quasi-omnidirectional polymer-based transducer developed for 
ultrasonic guidance of intravascular catheters,[9] and a focused transducer 
for biomedical ultrasonic imaging, prepared from a spherical ceramic 
shell.™ 

The miniature hollow sphere transducers, sometimes called BBs, 
described here and first reported by Meyer et al. ",] are designed to satisfy 
the size, directionality and acoustic impedance matching requirements for 
underwater and biomedical applications. BBs are manufactured in large 
numbers by a simple inexpensive process, which makes it possible to mass- 
produce throw-away transducers. In this paper the results of the dielectric 
measurements, and the piezoelectric response of the transducers under 
hydrostatic pressure are presented for several types of radially and 
tangentially poled spheres with sizes ranging from 2-4mm. Vibration 
modes and their resonance frequencies are identified using the ATILA finite 
element analysis code, and compared with the experimental results. 
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2. FABRICATION OF THE TRANSDUCERS 

Thin-wall hollow green spheres were fabricated at room temperature using a 
coaxial nozzle process based on the Torobin patent.[I2) This process was 
originally developed to mass-produce thin-wall metal, ceramic and glass 
hollow spheres with diameters and wall thickness, ranging from 1 to 6 mm 
and 12 to 150 um, respectively. The fabrication method used in producing 
the lead zirconate titanate based hollow spheres involves the preparation of 
a fine grained slurry from soft lead zirconate titanate powders (grade PZT- 
501A powders from Ultrasonic Powders, Inc. and grade C5500 powders 
from Channel Industries, Inc.), Poly(methyl methacrylate) and acetone. This 
slurry is then injected through a coaxial nozzle with inert gas passing 
through the center. At the equilibrium of surface tension and inner gas 
pressure, a bubble forms and breaks free. In this study spheres with sintered 
diameters ranging from 2.0 to 4.0 mm were prepared from the C5500 
powders (Batch I), and monosize spheres with ~2.76mm sintered diameter 
from the PZT-501A powders (Batch II). 

A two step process was used in the firing of the green spheres: binder 
burnout at 550°C for 30 minutes followed by sintering at 1285CC for 90 
minutes. A physical characterization study on the sintered spheres from 
PZT-501A batch by Fielding et al. (I3] indicated that the spheres contain 
microcracks and substantial porosity. The wall thickness variation was 
found to be larger than expected, ranging from 40 to 100 urn. Improvements 
in the fabrication process of green spheres are being undertaken to minimize 
these defects which degrade the dielectric and piezoelectric properties. 

2.1. Poling and Electrode Configurations 

The two poling configurations studied are shown in Figure 1: radially poled 
spheres of various sizes from Batch I with inside and outside electrodes, and 
top-to-bottom poling of monosize spheres from Batch II with external cap 
electrodes. For the top-to-bottom poling three different electrode config- 
urations, and their effect on the capacitance, vibration modes, and 
piezoelectric response under hydrostatic pressure were investigated. For 
radial poling a fired-on silver electrode (Conductor Compositon 7095 from 
DuPont) was applied to the innT surface of the spheres through a 450 um 
electrode hole, followed by a firing step at 600°C for 30 minutes. Silver 
electrical lead wires were attached and the electrode hole was sealed using a 
conductive silver epoxy adhesive (E-solder #3021 from Insulating Materials, 
Inc.). A thin layer of gold was deposited as the external electrode for all 
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silver epoxy 

(c) Type-B (d)Type-C 

FIGURE 1 Poling and electrode configurations of piezoelectric hollow spheres, (a) Cross- 
section of a radially poled hollow sphere; (b) Tangential poling configuration (electrode type- 
A); (c) Tangential poling configuration (electrode type-B); (d) Tangential poling configuration 
(electrode type-C). 

radial and top-to-bottom poling configurations. Poling of the spheres were 
carried out with an electric field of 20 kV/cm for Batch II, 60-80 kV/cm for 
Batch I at 120°C in a silicone oil bath. Prior to the hydrostatic pressure 
measurements, a soft polyurethane (Dexter Hysol us-0089) coating was 
applied for insulation and to provide additional strength for the hydrostatic 
measurements. 

3. FINITE ELEMENT ANALYSIS 

ATILA finite element analysis (FEA) code, developed at the Acoustics 
Department at ISEN specifically for modeling of sonar transducers, was 



PIEZOELECTRIC HOLLOW SPHERES 15 

used in our modeling studies. A static analysis can be performed with 
ATILA, which provides information concerning prestresses and the 
behavior under hydrostatic pressure. Modal analysis can be carried out to 
identify the vibration modes and determine their resonance frequencies and 
associated coupling factors. Finally, in-air or in-water impedance and 
displacement field, transmit voltage response, and sonar directivity patterns 
can be modeled using a harmonic analysis procedure.l'4-161 

In this study ATILA was used to identify the modes of vibration for the 
various electrode configurations, by predicting their resonance frequencies. 
The computations were performed using a 10 kHz step, except for the 
thickness mode of radially poled spheres. For the thickness mode a 100 kHz 
step was used since the frequency under investigation was in the MHz range. 
The calculated admittance vs. frequency spectra were compared with the 
experimental results obtained using an HP-4194-A Impedance-Gain Phase 
Analyzer. The polyurethane coating was not taken into consideration, since 
the dielectric and piezoelectric measurements were performed on spheres 
without protective coating. 

4. RESULTS AND DISCUSSION 

4.1. Dielectric Properties 

As part of the characterization procedure, the capacitance and dielectric loss 
values of the samples were measured using a HP 4275-A Multifrequency 
LCR Meter at 1.0 kHz and 1.0 volt. Although capacitance values for radially 
poled spheres were found to follow an increasing trend from 960 pF for 
smaller samples up to 3,575 pF for the largest sample, there were, however, 
samples with same size but with different capacitance values. This is 
attributed to the large variations in wall thickness, defects on the sphere 
walls, and inner electrode problems. Therefore, the capacitance was used to 
evaluate the quality of the inner electrodes. The dielectric losses of radially 
poled spheres ranged from 0.0174 to 0.0430. For the top-to-bottom poled 
samples, capacitance of 2.5 to 10 pF were measured (Tab. I). The values are 
somewhat smaller than those calculated using a cylindrical tube approxima- 
tion (6 to 10.5 pF).1"1 As expected, the capacitance of top-to-bottom poled 
spheres is highly dependent on the electrode size and uniformity. The effect 
of electrode quality on the properties of the transducers is also discussed in 
the results of the hydrostatic piezoelectric measurements. 
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TABLE I   Comparison of the dielectric and piezoelectric properties of tangentially poled 
hollow spheres 

Property Tangentially poled spheres 

PZT-5A disc Type-A Type-B Type-C 

Electrode gap, d (mm) n/a 0.77 1.06 1.81 

Electrode height, h (mm) n/a 0.75 1.38 0.84 

Capacitance, C (pF) 131 9.73 4.5 2.6 

Dielectric Loss, tan 6 0.017 0.017 0.022 0.014 

Hydrostatic piezoelectric 30 630 736 966 
charge coefficients, (pC/N) 
Hydrophone figure of merit. 0.06 24.23 33.07 56.97 

4,xft(l<rl2m2/N) 

4.2. Modes of Vibration of Radially Poled Transducers 

Results of the finite element analysis suggest two main modes of vibration 
for the radial poling configuration: a breathing mode utilizing the d3i 

coefficient where the spheres vibrate with a volumetric expansion and 
contraction, and a wall thickness mode at much higher frequencies utilizing 
d33. These modes are shown in the admittance vs. frequency spectrum of a 
sphere with 1.16 mm radius in Figure 2. The resonance frequencies of the 

i  i  i  i  i  i  i   i  i  i  i  i  i  i  i  i  i  '  i  i  '  '  '  *  i  '  '  '  ' 

10.0 13.0 20.0 

Frequency (MHz) 

30.0 

FIGURE 2   Admittance vs. frequency spectra for the main modes of vibration of a radially 
poled hollow sphere (r ■= 1.16 mm). 
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breathing mode for spheres with radii ranging from 0.5 to 3.0 mm were 
calculated using ATII.A Materials properties used in these calculations are 
as follows: jf, = 16.4 x 10-'2m2/N, jf2 = -5.74 x 10"12m2/N, p = 7.75 g/ 
cm3. The results of these calculations along with values obtained experimen- 
tally are shown in Figure 3. From the figure, the experimental results agree 
well with the calculations for breathing mode for spheres with larger sizes. 
Experimental results on spheres with smaller sizes display higher than 
predicted frequencies, and this suggests that by further scaling down the size 
of the spheres the resonance of the probe can be pushed to even higher 
frequencies. As discussed in the introduction, this will increase the useful 
frequency range of the miniature acoustic probes. Similar agreement 
between the computed and measured results could not be obtained for the 
thickness mode. This mode was not observed in all the samples, and for the 
samples with a detectable thickness mode it appeared as a smooth, broad 
peak in the admittance vs. frequency spectra usually at frequencies 
exceeding 10 MHz. These findings suggest a large wall thickness variation 
for many of the spheres, as previously reported by Fielding et a/.1'31 

However, spheres from other processing batches do show samples with large 
regions of relatively uniform thickness. These samples are being used in 
preparing spherically focused dish-shape transducers.'171 

FIGURE 3   Comparison of the results of the experiments and finite element analysis on the 
effect of size change on the breathing mode resonance frequency. 
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The effect of the presence of an electrode hole on the vibrations of the 
spheres was also investigated using ATILA code and the results suggested 
that the hole introduce an additional peak at a frequency slightly higher 
than that of breathing mode. This is shown in Figure 4(a) for a sphere with a 
radius of 1.38 mm. A similar secondary peak was observed experimentally 
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FIGURE 4   Effect of electrode hole on the breathing mode resonance frequency, (a) Finde 
element analysis (r - 1.38mm); (b) Experimental results (r » 1.19mm). 
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for all the radially-poled spheres, as shown in Figure 4(b) for sphere with a 
radius of 1.19mm. This secondary peak was studied using ATILA and the 
motion associated with that particular resonance is illustrated in Figure 5. In 
the figure the dashed lines correspond to the rest position and the solid lines 
show the displaced position. 

4.3. Modes of Vibration of Tangentially Poled Transducers 

Finite element studies of the spheres with top-to-bottom poling configuraion 
indicate that the material under the electrode cap is unpoled and inactive. 
Only the unelectroded region between the electrode caps is tangentially 
polarized.'181 Therefore, the size of the electrode gap is expected to control 
the dielectric and piezoelectric properties. 

Finite element analysis of the tangentially-poled spheres identified the 
main modes of vibration as an ellipsoidal mode, a higher order 
circumferential mode, and a breathing mode near 230 kHz, 350 kHz, and 
700 kHz, respectively, (Tab. II). Higher frequency modes associated with 
coupled motions between the ellipsoidal and thickness modes, or between 
the circumferential and thickness modes were also identified. The 
admittance vs. frequency spectra of a tangentialy-poled sphere obtained 
by finite element analysis is compared with the experimental curve in Figure 
6. Comparison of the results indicates that there is close agreement between 
the calculated and measured values for the resonance - antiresonance 
frequencies of the three principal modes of vibration. However, this is not 
the case for the coupled modes. Since these higher frequency modes are 
formed as a result of a coupling between the thickness and the ellipsoidal 
modes, or the circumferential and the thickness modes, the lack of uniform 

FIGURE 5   Vibration of a hollow sphere with hole at the resonance frequency of the second 
peak. Dashed lines correspond to the rest position, the amplitude is arbitrary. 
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TABLE II   Comparison of the calculated and measured resonance frequencies of tangentially 
poled hollow spheres 

Vibration mode and Typt ■-A Type- B Type ■C 

resonance frequency (kHz) FEA Exp. FEA Exp. FEA Exp. 

Ellipsoidal mode 
Higher order 
circumferential 

240 

320 

199 

330 

240 

290 

220 

312 

240 

300 

234 

315 

Breathing mode 

Ellipsoidal coupled 
to thickness mode 

590 

1000 

651 

not 
found 

590 

980 

704 

1,264 

590 

1,030 

716 

1,300 

Higher order circum. 
coupled to thickness 

1,660 
2,520 

1,966 
2,870 

710 
1,300 
1,300 
1,660 
1.980 

1,583 730 
1,380 
1,380 
1,840 
2,210 

1,708 

wall thickness is expected to displace and broaden these coupled modes. The 
displacement fields of these modes were discussed in detail elsewhere.ll8! 

4.4. Piezoelectric Response of the Transducers 
under Hydrostatic Pressure 

The usefulness of a device, or a material used in the device, depends on its 
function. Hydrophones are designed as acoustic sensors, and noise is usually 
the limiting factor. Therefore, increasing the signal-to-noise ratio is the aim 
in most hydrophone designs.[l91 In their study comparing ultrasonic 
microprobe designs, Moffett and co-workers [81 cited the product of the 
hydrostatic piezoelectric charge coefficient and the hydrostatic piezoelectric 
voltage coefficient (dh x g„) as an acceptable figure of merit for a volume 
expander hydrophone. The dh coefficient determines the charge delivered by 
the hydrophone to the preamplifier, and the g„ coefficient determines the 
open-circuit voltage of the transducer. The (dh x gH) product can be taken as 
a measure of the signal-to-noise ratio (SNR) obtainable from a unit volume 
of piezoelectric material under conditions where the dominant noise source 
is the preamplifier.I8) Other properties such as the high electromechanical 
coupling coefficient and low acoustic impedance are also advantageous 
parameters of hydrophones'201. Hydrophone designs utilizing hollow 
cylinder and spherical shapes lead to low acoustic impedance. 

Based on the preceding discussion, the piezoelectric response under 
hydrostatic pressures up to 1,000 psi of the hollow sphere transducers was 
evaluated. The hydrostatic piezoelectric charge coefficient (d„) of the 
samples was measured in an oil bath at hydrostatic pressures from 100 to 
1,000 psi with a 30 Hz stimulus. A PZT-5A disc with a radius of 3.34 mm 
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FIGURE 6 Admittance vs. frequency spectra for the main modes of vibration of a tangen- 
tially poled hollow sphere (r = 1.38 mm), (a) Results of the finite element analysis: (b) Results of 
the experimental studies. 

and a thickness of 0.96 mm was used to calibrate the results obtained with 
the hollow spheres. From the measured dh coefficients the hydrostatic 
piezoelectric voltage coefficients (gh) and the figure of merit (FOM) of the 
samples were calculated using the following relations: 

gh = 
£33 (1) 
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FOM =dhxgh (2) 

The results are plotted in Figure 7 for dh vs. hydrostatic pressure for spheres 
with a radius ofl .38 mm. Measured values of d„ and the FOM are presented 
in Table I. Evaluation of these results indicate that both tangentially and 
radially poled BBs possess dh values and figures of merit far larger than bulk 
PZT of the same composition. The amplification of dh results from the 
spherical geometry and unique electrode designs, which transforms the 
hydrostatic pressure into radial and tangential stresses components. In this 
geometry, the radius to thickness ratio (r/t) can be taken as the stress 
amplification factor. The r/t ratio for the smallest commercially available 
transducer is ~3.5, whereas BBs have r/t ratios as large as 30. A detailed 
discussion along with a simplified model for this amplification was presented 

by Alkoy et al. m 

The change in dh with diameter was also investigated, and the results are 
plotted in Figure 8 for the radial poling configuration. As can be seen, a 
slight increase in dh with increasing sphere size is evident especially at low 
pressures. This increase in sensitivity is thought to be a result of the 
decreasing wall thickness of the spheres with increasing sphere size, thereby 

200 400 600 

Pressure (psl) 

800 1000 

FIGURE 7   Hydrostatic piezoelectric charge coefficients (</*) of the spheres with for different 
transducer designs. 
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FIGURE 8   Effect of sphere size on the hydrostatic piezoelectric charge coefficients of the 
radially poled transducers. 
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FIGURE 9   Effect of inner electrode quality on the hydrostatic piezoelectric charge coefficients 
of the radially poled transducers. 
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increasing the r/t ratio. As discussed in Section 4.1, the capacitance of the 
samples was taken as a qualitative indicator of the inner electrode quality. In 
order to assess the importance of inner electrode, the results of the <4 
measurements on three spherical transducers of same size, and fabricated 
under the same conditions were compared in Figure 9. The plot clearly 
indicates a lower dh for the sample with lower capacitance. The results given 
in Figure 8 for the size effect are taken from samples with the highest 
capacitance values. 

5. CONCLUSIONS 

Miniature piezoelectric hollow spheres were prepared using an inexpensive, 
coaxial-nozzle slurry process. Transducers were fabricated with spheres 
poled in several radial and tangential poling configurations for underwater 
hydrophone applications. Dielectric and piezoelectric measurements, along 
with finite element modeling, were carried out on the transducers. The 
principal modes of vibration were found to be breathing and thickness 
modes for the radial poling configuration, with the breathing mode 
resonance shifted to lower frequencies with increasing sphere size. Three 
different electrode configurations for tangential poling were examined, and 
regardless of the configuration the main modes of vibration were found to 
be an ellipsoidal, a higher order circumferential and breathing modes. High 
frequency coupled modes were also observed. Excellent dh values and 
hydrophone figures of merit were obtained from the PZT hollow spheres. 
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Abstract Piezoelectricity and tensegrity have been cou- 
pled into an electrically active device. This concept, here- 
by known as piezotensegrity, can be used to sense or actu- 
ate. A composite sensor has been tested using compres- 
sion elements stabilized with tensioning bands. The piezo- 
electric elements are arranged on the face diagonals with 
perimeter tension bands. Experimental piezoelectric re- 
sponse from this design was 1200 pC/N in air testing with 
peak hydrostatic response of 700 pC/N. The good device 
sensitivity as compared to properties of the base piezo- 
electric material is attributed to the internal arrangement 
of the piezoelectric elements and the tensioning system. 

Key words Piezotensegrity • Tensegrity ■ Hydrophones • 
Piezoelectricity • Composites 

Introduction 

The geodesic domes of Buckminster Fuller and the sculp- 
tures of Kenneth Snelson are examples of tensegrity struc- 
tures balanced by counteracting forces of compression and 
tension. Architects have developed a set of building rules 
based on tensegrity that also appear to operate in a number 
of biological systems [1]. Other structures which perform 
sensing or actuating functions are feasible as well. Elec- 
tromechanical structures are capable of transforming me- 
chanical forces into electrical signals in a variety of ways. 
Such devices sometimes rely on dilatational sensor motion 
[2] or distortional motion [3]. Here, we describe a simple 
planar device based on tensegrity which senses pressure 
and produces an electrical response. This device is a pi- 
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ezoelectric sensor consisting of sensing elements mechan- 
ically coupled with tensioning bands. 

Relation to previous work 

Prior work in the field of composite hydroacoustic sen- 
sors has been undertaken at the Materials Research Lab- 
oratory of The Pennsylvania State University. A number 
of methods have been developed to 'enhance' and to am- 
plify the response of electroceramic materials for use in 
sea based hydroacoustic environments. These methods 
rely on the development of materials and the juxtaposi- 
tion or arrangement of the shapes of these materials in 
composite devices. Many other researchers also have 
proposed designs which employ alternative materials and 
arrangements of sensor elements to maximize sensitivity 
and minimize the weight of the sensors. Compression 
and flexural techniques have dominated these designs in 
composites and hydrophone technology. Here we de- 
scribe some recent work which may help to develop the 
use of alternative materials and alter the mechanics of 
the design of sensors. These piezotensegritic sensors rely 
on tension and compression (and possibly shear forces) 
to affect an improved response to acoustic pressure in 
contrast to flexural and compressional methods. In the 
past, tensioning systems have been largely ignored in fa- 
vor of the more robust flexural systems. However, with 
recent work on high strength fibers, piezopolymers, 
magnetostrictive alloys, and shape memory materials 
other designs are now possible. Tensegrity, therefore, is 
introduced as a new method for configuring and design- 
ing sensitive hydrophone arrays. The primary advantages 
are a lightened design and the consequent minimization 
of driven mass. 

Description of piezotensegrity 

Piezotensegrity, as defined here, is an electromechanical- 
ly activated structure, or sensor device, composed of pre- 
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Fig. 1 Schematic of piezotensegrity transducer Fig. 2 Prototype of encapsulated device 

tensioned elements with separated compressive ele- 
ments. The active elements transduce mechanical strain 
to electric potential as a result of the tensile or compres- 
sive forces they carry. These devices may employ piezo- 
resistive, electrostrictive, or magnetostrictive properties, 
alternatively to the aforementioned piezoelectric proper- 
ties. In some cases, the device may act as a sensor, or, as 
an actuator, or both. These dynamic structures may also 
be controllable in various directions or quasi-stable con- 
figurations by changing shape. 

Tensegritic topologies can be defined as a set of ten- 
sile elements linking separated compression elements in a 
stable or quasi-stable system. The compression elements 
are linked to one another by flexible tension elements 
which maintain a loose geometrical relationship. Solid el- 
ements may consist of bars, plates or arbitrary shapes 
(e.g. T-sections, X-sections, L-sections, etc.). Individual 
elements, either tensile or compressive, may be made ac- 
tive, that is strictive in nature and electrically (or magnet- 
ically) linked as mentioned above. The structural connec- 
tivity may be in various arrangements relative to the elec- 
troactive elements. Figure 1 depicts a simple two-dimen- 
sional tensegrity model consisting of two crossing com- 
pression rods and an encircling tension band. 

Prototype design 

A prototype similar to Fig. 1 was built and tested. In this 
design, piezoelectric bars were placed perpendicular to 
each other. The bars were laterally poled and electroded. 
When mechanical stress is applied axially along each bar 
the piezoelectric d31 property relates this stress to the 
charge polarization. The applied stress is transmitted to 
the bars via the bands. The banding material used was a 
shape memory alloy because it was more easily pre- 
stressed over the ends of the PZT rods. After further pre- 
tensioning with wires wound at right angles to the bands 
the structure was encapsulated in rigid epoxy, 
Fig. 2. Prior to encapsulation lead wires were attached. 
This device then was tested in both air and water. Small 
glass microballoons were added to the epoxy for the water 
tests. 
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Fig. 3 (a) Pictorial of banded ceramic sensor, (b) Electrical sche- 
matic and circuit 

The PZT ceramic was formed from a PZT-5H powder 
containing a small amount of polyvinyl alcohol as a 
binder. Approximately 12 grams of powder was loaded 
into a square pressing die (25 mmx25 mm) which was 
then subjected to a pressure of 56 MPa. After pressing, 
the blocks were fired at 1300°C for 1 hour. To minimize 
lead volatilization, 50 grams of lead zirconate powder 
was used to line the crucible. After firing, the blocks 
were ground to a thickness of 2.5 mm, and then bars 
were cut using a low speed diamond saw. Final dimen- 
sions of these bars were 2.5 mmx2.5 mmxl5 mm. A 
center cube of PZT was formed in the same manner as 
the bars, but with dimensions 2.5 mmx2.5 mmx2.5 mm. 
After machining, the bars were electroded on opposite 
faces (2.5 mm x 15 mm) using a silver-filled epoxy. The 
bars were then poled for ten minutes at 70°C using a 
field of 26 kV/cm. Wire leads were then attached to two 
of the bars. Silver-filled epoxy was used to make these 
connections. 

The sample devices fabricated in this work utilized 
piezoelectric bars arranged in a parallel electrical con- 
nectivity. To accomplish this, the bars were positioned in 
a cross pattern, Fig. 3, so that electroded faces with the 
same polarity were facing each other. A small amount of 
silver filled epoxy was placed at the point where two 
electroded faces joined to ensure a complete circuit. For 
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Fig. 4 Non-tensegrity force polygon and sensor mechanics Fig. 5 Piezotensegrity mechanics: sensor forces and force polygons 

a series connection, the same procedure could be fol- 
lowed except that the bars would be arranged with elect- 
roded areas of opposite polarity facing each other. 

Once the bars were arranged in a cross pattern with 
the cube at the center, the assembly was temporarily 
clamped down to prevent movement. A tension band 
(32 AWG steel wire) was then wrapped around the pe- 
rimeter of the assembly as tightly as possible, and the 
ends of the band were tied together. The device was then 
removed from the clamp, and a second set of tension 
bands were wrapped across the device to remove any 
slack from the first set of bands. After wrapping the ten- 
sional bands the entire device was encapsulated in Spurrs 
epoxy. This was performed in several stages by placing 
each face of the device in a layer of epoxy 1 mm thick, 
and allowing it to cure before beginning the next face. 
Once all of the epoxy faces were formed, Spurrs epoxy 
containing 50 volume percent plastic microballoons was 
injected into the cavity in the middle of the device. This 
was done to ensure that no small pinholes were present 
in the encapsulate. After the epoxy had cured, the device 
was ready to be tested. 

Analysis and performance 

We provide two examples to show how a piezotensegrity 
device compares to a similarly configured non-tensegrity 
device. These examples may help to explain how exter- 
nal loads are redistributed to the internal sensing ele- 
ments. 

In Example 1, we assume a set of uniaxial forces, F, 
are applied at 45 degrees to the piezoelectric rod direc- 
tions in a non-tensegrity structure. If the forces are ap- 
plied to rigid sides, this results in a force of F/V2 in each 
rod, Fig. 4. The applied force is distributed among the 
rods and can be sensed from each direction. The individ- 
ual rod sensitivity for this applied force is reduced to the 
ratio of 1/V2 times the piezoelectric constant d. This sen- 
sor may be considered omnidirectional if forces are ap- 
plied to all the sides. The voltage coefficient, g, is simi- 
larly reduced. 

In Example 2, we assume a set of forces are applied 
perpendicular to flexible bands (a tensegrity structure) 
instead of to rigid sides. These forces are then transmit- 
ted to the piezoelectric ceramic. In this example the 
force in the flexible band is F/(2 sin 0), where 0 is the 
band angle measured from horizontal. The force in the 
ceramic is F cos(n/4)/sin 0, Fig. 5. If the band angle is 
small(0=O) then there is significant force amplification 
and the rod sensitivity is cos(n/4)/sin 0 times the piezo- 
electric constant d. 

Results 

Air tests and water tests were performed on the square 
piezotensegritic sensor. The air tests employed a Berlin- 
court meter modified for testing d3, response with an ap- 
plied force from one direction. In this air test the piezo- 
electric device response (effective d31) was 1200 pC/N. 
This value held constant across a low frequency 
range(<200 hz). Certain samples had lower performance 
due to inadequate pretensioning on the bands. The re- 
sults from poorly tensioned bands were as low as 
120 pC/N. In this case the epoxy carried most of the 
force and very little force was applied to the piezoelec- 
tric rods. 

The water tests were performed in a small hydrostatic 
testing chamber. The chamber was used to uniformly 
pressurize the device and collect data across a limited 
pressure range. The performance of the device was re- 
corded as the hydrostatic piezoelectric coefficient dH. 
This piezoelectric coefficient is a device coefficient and 
includes all the effects of the materials and the design to- 
pology under triaxial pressure. Figure 6 shows the results 
for the hydrostatic piezoelectric coefficient as recorded 
between 100 kPa (20 psi) and 1100 kPa (180 psi) pres- 
sures. The pressurization experiments gave a maximum 
dH coefficient of 700 pC/N at =800 kPa (110 psi). This 
result decreases rapidly to 300 pC/N at 1100 kPa 
(160 psi). An average dH of 500 pC/N was observed over 
the lower pressure range (100 to 600 kPa). The piezo- 
electric voltage coefficient (gH) and the piezoelectric 
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Fig. 6 Device piezoelectric performance vs. hydrostatic pressure 

charge coefficient dH are shown in Fig. 6. Maximum gH 

was 57 mV-m/N and maximum dHgH was 42000 fm2/N. 
Only an atmospheric permittivity constant was used in 
the calculation of gH and therefore the gH voltage coeffi- 
cient is a calculated value. Reversible tests were not per- 
formed on the sample. 

Discussion 

The success of the air and water tests for this prototype 
were due mainly to the greater sensor area of the piezo- 
electric bar, the device pressure area (compared to the ar- 
ea of calibrating ceramic), and the force amplification 
from the flexible bands. In the air tests the 1200 pC/N 
response is a direct result of these effects. This implies 
that there is a significant amount of stress enhancement 
since PZT-5H has a d31 coefficient of only 270 pC/N. 
The very low values of 120 pC/N, however, show that 
when the bands have inadequate pretensioning there 
is no force amplification from the bands. The higher 
700 pC/N response may be due to anomalous behavior 
from the crushing of microballoons within the device. 

The maximum theoretical value for force amplifica- 
tion for tightly stretched bands(0=O radians) is infinity. 
However, this would imply infinite force to the ceramic. 
For the present design, the lowest force that can be ap- 
plied to the ceramic is 1/V2 of the applied force (dictated 
by the largest angle between the band and the bar (n/4 ra- 
dians)). It may be concluded that the bands supply some 
amplification assuming the band angle 0 is small. 

During the hydrostatic tests the response increased 
with prestress on the bands until a maximum was 
reached at 110 psi pressure. Above this pressure the re- 
sponse rapidly degenerated. The planar nature of the de- 
vice, with the bands transmitting the pressure, limits the 

Table 1 Comparison 
drophones 

of piezoelectric properties for composite hy- 

Device 
Type 

dH 
(pC/N) 

8H                dHgH          Ref. 
(mVm/N)     (fm2/N) 

Moonie 
Cymbal 
Piezotensegrity(2-D) 

9000 
15000 

500 

50,000     [4,5] 
100,000     [6,7] 

40                  20,000     paper 

stressing capability. In comparison with other underwa- 
ter sensors the planar design suffers from its modest 
pressure tolerance <700 kPa (<100 psi). Other designs 
are being tested which have a three-dimensional capabil- 
ity. Table 1 lists composite designs employing amplified 
piezoelectric response. 

Conclusions 

A planar piezotensegritic device was designed and tested 
for air and water environments. This simple device dis- 
tributes applied loads to independent compression ele- 
ments via pretensioning. Drawing on the ideas of biolog- 
ical functions which utilize tensegrity, the piezotensegri- 
tic structures demonstrate the use of electromechanically 
active elements. We have tested a simple device for use 
in hydroacoustic applications where the advantages may 
be their low weight and good piezoelectric response. 
Geodesic domes and other more complex structures 
might also be configured for different pressures and forc- 
es. Future work is needed to optimize topologies for a 
variety of actuator and sensing functions. 
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ENABLING   SCIENCE 

Smart systems: 
Microphones, 
fish farming, 
and beyond 
Smart materials, acting as both sensors and 
actuators, can mimic biological behavior. 

Robert E. Newnham 
Ahmed Amin 

The term "smart systems" appears with increasing fre- 
quency in scientific and engineering publications as 
well as in the popular press. Several smart systems 

have been commercialized and are widely used. Many 
more systems are in various stages of development. Aero- 
space engineers are interested in smart air foils to control 
drag and turbulence. Diabetics need medical systems to 
sense sugar levels and deliver insulin. Architects are 
designing smart buildings with self-adjusting windows 
that control how much sunlight and heat flows in and out. 
Tennis players will want smart racquets to make overhead 
smashes and delicate drop shots. Smart motion detectors 
will monitor authorized and unauthorized entries into 
buildings. Smart toilets are capable of analyzing urine to 
identify health problems. Smart irrigation systems will be 
needed to optimize the world's food supply. Smart trans- 
ducers can "talk" to fish, a leading source of protein in 
many parts of the world, to herd them like cattle. 

How do smart systems accomplish all this? They are 
made from "smart" materials, which have the ability to 
perform sensing and actuating functions and therefore are 
capable of imitating living systems. Four of the most 
widely used classes of smart materials are piezoelectrics, 
electrostrictors, magnetostrictors, and shape-memory 
all0yS_all of which are ferroic. Ferroic materials have 
active domain walls, that is, crystallographic boundaries 
that can be moved by applying an external force or field. 
The resulting changes in the shapes of these materials are 
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large enough to make them useful as actuators. Smart ma- 
terials undergo two or more phase transformations, which 
can be used to tune their performance. Smart materials 
also can be manufactured by using multifunctional com- 
posites. These composites are made by combining two 
materials in a connectivity pattern that optimizes the func- 
tionality of the composite. 

A sensor receives a stimulus and responds with a signal; 
an actuator produces a useful motion or action. By defini- 
tion, smart materials are both sensors and actuators, 
because they perform both functions. They may or may 
not have control systems. "Passively smart" materials 
function like a vertebrate's spinal cord, producing involun- 
tary reflex responses, without thought or signal process- 
ing. "Actively smart" systems analyze the sensed signal— 
perhaps for its frequency components—and then decide 
what kind of response to make. 

The integration of sensors, actuators, and control sys- 
tems is an ongoing process in the automotive, medical, 
military, and consumer electronic markets as systems 
become more miniaturized and more complex. By incor- 
porating sensors, actuators, and evolvable chips into these 
systems, we can begin to emulate biological behavior. 
Small electronic and optical subsystems are capable of 
evolving into more complex systems that have the ability 
to sense and respond to changes in their surroundings. 

Meanwhile, biochemists are making major advances in 
understanding how the human brain functions and what it 
means to be alive. In the coming century, there will be a 
confluence of organic and inorganic life into some kind of 

© 1999 American Chemical Society 



Sensing 
electrodes 

450-Hz Vibration 

Cantilever 
v bilaminate 

bender 

Ceramic 
clamp 

Figure 1. A videocassette tape head 
positioner senses and follows the tape 
track path. Using direct and converse 
piezoelectric effects, the lead zirconate 
titanate (PZT) bender acts as a smart 
material with separate electrodes for 
sensing and actuating. Adapted from 
Ref 5. Used by permission. 
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Figure 2. The piezoelectric Pachinko machine is a smart system 
that has a PZT sensor-actuator stack with a feedback network. 
Adapted from Ref 5. Used by permission. 

a composite life form—perhaps an immortal life form— 
with a common consciousness that transcends individual 
beings. The Internet and the World Wide Web seem to be 
leading us in that direction. The evolution of machine 
technology into global intelligence is the theme of a major 
book that was published in 1997 (/). 

Sensors + actuators = smart materials 
A piezoelectric ceramic videocassette tape head posi- 

tioner illustrates the basic idea of a smart material (Figure 
1). Piezoelectric materials have the unusual ability to gen- 
erate a voltage when a mechanical force is applied or to 
generate mechanical force when a voltage is applied. 
Bimorph piezoelectric ceramics are usually made from 
lead zirconate titanate (PZT).  Bimorph cells are con- 

structed from pairs of piezoelectric plates. When a voltage 
is applied, one plate expands, the other plate contracts, and 
the cell bends in proportion to the voltage. The videocas- 
sette tape head positioner has large actuator electrodes that 
move the material and smaller electrodes that sense the 
position and orientation of the tape head. This combina- 
tion of sensing and actuating mimics two of the functions 
of a living system: awareness of the surroundings and a 
useful response, which usually is in the form of motion. 

The piezoelectric Pachinko game illustrates the princi- 
ple of a smart material. Pachinko parlors with hundreds of 
vertical pinball machines are popular in Japan. The 
machine, constructed by engineers at Nippon Denso 
(Kiriya, Japan), is made from multilayer PZT stacks that 
act as both sensors and actuators (Figure 2). When a ball 
falls on the stack, the force of impact generates a piezo- 
electric voltage. Acting through a feedback system, the 
voltage pulse triggers a response from the actuator stack. 
The stack expands rapidly, throwing the ball out of the 
hole. The ball moves up a spiral ramp during a sequence 
of such events. Eventually, it falls into a hole and begins 
the spiral climb again. 

Very smart materials can learn 
During the past 20 years, in addition to smart materials, 

we have been developing a family of "very smart materi- 
als"—we are not yet willing to call them intelligent—that 
have a learning or tuning function that makes it possible 
for them to become smarter. These materials take advan- 
tage of nonlinear properties such as electrostriction or 
higher order elastic constants. By applying a bias field, we 
can tune the level of sensitivity, that is, the degree of 
"smartness". 

Looking ahead to the use of thin-film microelectrome- 
chanical systems (MEMSs) (2), more intelligent materials 
are coming on the scene that integrate the control system 
with the sensors and actuators, all in one common piece of 
material. MEMS-based devices that have found applica- 
tions in everyday use include inkjet cartridges in printer 
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heads, accelerometers as airbag sensors in automobiles, 
and tire-pressure sensors. Chemical sensor arrays and 
high-resolution displays are two emerging MEMS prod- 
ucts. Figure 3 shows a digital mirror display (DMD) array 
developed by Texas Instruments that was fabricated by 
micromachining. It consists of 800 x 600 tiltable mirrors 
that function as pixels; the associated circuitry is batch 
processed on a silicon chip. The mirrors are electrostati- 
cally actuated. The DMD array is a promising technology 
for lightweight displays that offer high definition, high 
contrast, and high brightness. 

We believe that when sensors, actuators, and control 
systems can be combined like the eyes, arms, and brain of 
the human body, the system will deserve the name "intel- 
ligent". Finally—although we have no idea how to do this 
yet—we will make "wise" materials that make moral deci- 
sions. Perhaps they will evolve in some way like living 
systems (see box, Forecasts for the future). 

One application: smart shock absorbers 
Current research is focused on vibration suppression 

in automobiles using smart shock absorbers. Inside the 
smart shock absorber developed by Toyota (Figure 4) is 
a multilayer piezoelectric ceramic that has about five 
layers for sensing road vibrations. The multilayer stacks 
positioned near each wheel of the automobile have about 
100 layers, all part of the same PZT ceramic, which act 
as the actuator. After analyzing the vibration signals, a 
voltage is fed back to the actuator stack, which responds 
by pushing on the hydraulic system of the automobile to 
enlarge the motion. In this way, signal processors in the 
automobile can analyze acceleration signals from road 
bumps and respond with a motion that cancels the vibra- 
tion. Such active systems are used to alleviate excessive 
vibrations in helicopter blades and in the twin tails of 
F-18 fighter jets. 

Traditionally, vibration problems in engineering struc- 

Forecasts for the future 
The World Future Society (http://www.wts.org) has listed the 
top 10 predictions for the coming decade. Several involve 
using "smart" materials (i.e., materials with sensing and ac- 
tuating capabilities). 

■ Cashless economy (smart cards) 
■ Electronic immigration (telecommuters, independent 

contractors, and other "lone eagles") 
■ Robots smarter than humans (inorganic evolution) 
■ Automated parole (implants replace prisons) 
■ Voice-driven furniture (smart chairs) 
■ Population shift to north (smart houses) 
■ Defective gene replacement (nanosensors and nanoactu- 

ators) 
■ Collision avoidance systems (smart automobiles) 
■ Older generation families (smart drug delivery devices) 
■ Automatic gardens (just-in-time farming) 

tures were solved by using mechanical dampers or by iso- 
lating vibration with foam rubber pads, but the piezo- 
dampers developed by Active Control experts (ACX; 
Cambridge, MA) are readily tuned to the frequencies that 
most require attenuation. Passive piezo-dampers that use 
either a resistance-capacitance shunt circuit or a resistance- 
inductance shunt circuit are used as electronic shock 
absorbers in skis and baseball bats. A piezoelectric 
ceramic converts the unwanted mechanical vibrations in 
the skis or bats to voltage, which is dissipated as heat in 
the shunt circuit. 

Underlying structure-property relationships 
Four major families of ceramic and metallic actuators 

are under development: piezoelectrics, electrostrictors, 
magnetostrictors, and shape-memory alloys. All of these 

Figure 3. Schematic representations of 
the Texas Instruments digital mirror 
display (DMD). Top left, completed DMD 
chip; top right, completed DMD chip with 
mirror layer and yoke-and-hinge layer 
removed; bottom left, completed DMD chip 
with mirror layer removed; bottom right, 
close-up image of 1 pixel with mirror layer 
removed. Source: Ref 2. Used by 
permission. 
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Figure 4. Smart electronic automobile shock absorber. The multilayer piezoelectric ceramic stack senses road vibrations (3). Adapted 

from Ref 5. Used by permission. 

materials undergo at least two phase transformations with 
coupled thermodynamic order parameters. These transfor- 
mations lead to complex domain wall behaviors, which 
strongly contribute to the sensing and actuating capabili- 
ties. Domain wall motion is initiated by electric fields 
(ferroelectrics), magnetic fields (ferromagnetics), mechan- 
ical stress (ferroelastics), or temperature changes as they 
transform from ferroic to nonferroic states. 

In the following sections, we review the atomistic ori- 
gins of piezoelectricity, electrostrictive, magnetostrictive, 
and thermostrictive properties. 

Piezoelectrics: Smart ceramics. Most piezoelectric 
transducer formulations are based on PZT, Pb(Zr,Ti)03, 
one of several ferroelectric substances that crystallize with 
the perovskite structure, described as follows: Lead atoms 
are located at the corners of a cubic unit cell and oxygen 
atoms at the centers of the cube faces. Lead and oxygen 
ions have radii of ~ 1.4 A, and together make up a face- 
centered cubic array (unit cell) ~4 A on one side. Octahe- 
drally coordinated titanium or zirconium ions are located 
at the center of the unit cell. Ferroelectric materials exhibit 
spontaneous electric polarization; that is, the electric 
dipole moments within a domain align in a common direc- 
tion, even in the absence of an external electrical field. 

On cooling from a high temperature, the crystal struc- 
ture of PZT undergoes a displacive phase transformation 
with atomic displacements of —0.1 Ä. For titanium-rich 
compositions, the point symmetry changes from cubic 
niim to tetragonal 4mm on cooling through the Curie tem- 
perature near 350 °C. (Note: The Curie temperature marks 
the transition from the high-temperature paraelectric 
phase, in which the electrical dipoles only align when a 
field is applied, to the polar low-temperature phase, in 
which the dipoles align spontaneously.) The tetragonal 
state with its spontaneous polarization along the [001] 
crystallographic direction (i.e., perpendicular to the square 
face) persists down to temperatures approaching 0 K. 
Structural changes are illustrated in Figure 5 (page 42). 

To use these piezoelectric ceramics with their large po- 
larizations, compositions near a second phase transition 
are chosen. At the Curie point, PZT converts from a para- 
electric state with the ideal cubic perovskite structure to a 
ferroelectric phase located near a morphotropic phase 

boundary between the tetragonal and rhombohedral states. 
The morphotropic phase boundary delineates two solid 
phases that remain in a near-equilibrium state over a very 
wide temperature range. Very large piezoelectric coupling 
between electric and mechanical variables is obtained near 
this phase boundary. Much of the current research in this 
field involves looking for other morphotropic phase 
boundaries to further enhance the electromechanical cou- 
pling factors. 

Two piezoelectric effects are used in PZT transducers: 
direct and converse. The direct effect relates polarization 
to stress and is used in sensors. The converse effect relates 
strain to electric field and is used in actuators. 

Piezoelectric ceramics are prepared by "poling" them; that 
is, subjecting them to a large dc electrical field to align their 
domains. For a poled ceramic with symmetry °°m (an infi- 
nite number of mirror planes parallel to the poling direction), 
the appropriate tensor coefficients are d3i, d33, and dx5. 
These piezoelectric coefficients make intrinsic and extrinsic 
contributions. Under mechanical stress parallel to the dipole 
moment, the spontaneous polarization (Ps) is enhanced 
along the poling direction (X3); and when stress is applied 
perpendicular to that dipole moment, electric charges 
develop along X3. These are the d33 and <i31 effects, 
respectively. When the dipole is tilted by shear stress, 
charges appear on the side faces (the d]5 coefficient). 

There are extrinsic contributions to the piezoelectric co- 
efficient as well, and these can be extremely large, often 
involving the domain wall motions. 

Ferroelectric ceramics such as PZT do not become 
piezoelectric until electrically poled. Poling is carried out 
under intense electric fields at elevated temperatures 
below the ferroelectric Curie point at which the domains 
are easily aligned. Titanium-rich compositions in the PZT 
system favor a tetragonal modification, with sizable elon- 
gation along [001] and a large spontaneous polarization in 
the same direction. Six equivalent polar axes in the tetrag- 
onal phase correspond to the [100] direction (the unit cell 
edge that forms one side of a square) and directions of the 
cubic paraelectric state. A rhombohedral ferroelectric state 
is favored for zirconium-rich compositions. The distortion 
and polarization are along <111> (body diagonal) direc- 
tions, giving rise to eight possible domain states. 
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Figure 5. Portion of the PbZr03-PbTi03 

phase diagram. Structure changes at the 
Curie temperature (7"c) and the morpho- 
tropic phase boundary (MPB) are shown. 
Adapted from Ref 4. Used by permission. 
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The compositions that pole best lie near the morpho- 
tropic boundary between the rhombohedral and tetragonal 
ferroelectric phases. For these compositions, 14 possible 
poling directions exist over a wide temperature range, ex- 
plaining in part why the ceramic piezoelectric coefficients 
are largest near the morphotropic boundary. Phase changes 
between the rhombohedral and tetragonal phases also 
occur during the poling process. 

Electrostrictors: Very smart ceramics. Piezoelectric- 
ity is a third-rank tensor that relates strain and electric 
field. Electrostriction is a fourth-rank tensor that relates 
strain to the square of the electric field. Above the Curie 
temperature, the perovskite structure is cubic (centrosym- 
metric, or nonpolar), and the electrostriction effect is more 
important than the piezoelectric effect because third-rank 
tensors disappear in centrosymmetric media. It leads to 
what we call very smart ceramics. 

In a smart ceramic, the direct piezoelectric effect is used 
for sensing, followed by feedback through the converse 
piezoelectric effect. In a very smart material, we monitor 
the change in capacitance of the material, then feed back 
with both dc and ac fields: first to tune the magnitude of 
the electromechanical coupling coefficient, then to drive it. 
For higher order coupling coefficients such as those that 
describe electrostriction, three coupled effects arise (rather 
than two): change in the dielectric constant with stress, 
field dependence of the piezoelectric voltage coefficient, 
and electrically driven mechanical strain. The electrostric- 
tive ceramic becomes a tunable transducer. 

We began work on several of these electrostrictive ma- 
terials almost 20 years ago for active optic systems. Much 
of this work was done with the Itek Corp. in Lexington, 
MA. During the Cold War, many satellites flying over the 
Soviet Union used active optic systems to eliminate the 
effects of atmospheric turbulence. Electrostrictive materi- 
als have an advantage over piezoelectrics in adjusting the 
position of optical components, because much less hyster- 
esis is associated with the motion. 

Work on active optic systems has continued over the 
years. Similar multilayer actuators were used to correct the 
positioning of the optical elements in the Hubble tele- 
scope. Supermarket scanners use actuators and flexible 
mirrors to interrogate bar codes optically. 

Relaxor ferroelectrics. Disordered perovskites contain 
regions where "active" ions (those that promote ferroelec- 
tricity) are in close proximity. Ordered perovskites usually 
have low dielectric constants because active and inactive 
ions are evenly dispersed and the linkage between "active" 
ions is severed. In partially disordered structures such as 
the relaxor ferroelectrics, the dielectric constant can be 
extremely large, making disordered materials useful as ca- 
pacitor dielectrics and as electrostrictive actuators. The 
most widely used compositions are modifications of lead 
magnesium niobate (PMN), Pb3MgNb209. 

Relaxor ferroelectrics, often perovskite materials, are 
characterized by temperature-sensitive microdomains that 
result from the many different "active" ion linkages in the 
disordered octahedral framework. Each Nb06 octahedron 
may be bonded to zero to six other Nb06 octahedra (with 
the remaining connections involving Mg06 octahedra). 
Connections between these octahedra are assumed to be 
essential to ferroelectricity and high anisotropy coeffi- 
cients (K values). As the temperature decreases from the 
high-temperature paraelectric state, ferroelectric microdo- 
mains gradually coalesce to macrodomains, giving rise to 
a diffuse phase transformation. These polarization fluctua- 
tions are also dependent on bias field and the frequency 
used to measure the dielectric or piezoelectric constant. 
The dielectric constant drops off rapidly with increasing 
frequency (hence the name "relaxor") because it takes 
time for the polarization fluctuations to respond. The dc 
bias fields favor coalescence, giving the same effect as 
lowering the temperature. 

Relaxor behavior is very common among lead-based 
perovskites, suggesting that the "lone pair" electrons of 
Pb2+ play a role in the microdomain process, possibly by 
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adjusting their orientations. Electrostriction is described by 
a 6 x 6 matrix that relates strain to the square of the elec- 
tric polarization. This kind of matrix is familiar to most 
materials scientists because electrostriction is a fourth- 
rank tensor almost identical to elasticity in form. For a cu- 
bic crystal, we deal with the same coefficients, 77, 12, and 
44 that would normally be used to describe the elastic 
properties of a cubic crystal. In this case, strain is induced 
electrically rather than mechanically. 

Whereas piezoelectricity is observed in polar materials, 
electrostrictive transducers use cubic (nonpolar) materials, 
whose compositions are near a phase instability with 
microscopic regions that fluctuate in polarization. On 
average, atoms are located in the ideal cubic sites but con- 
tinually shift off these positions. The underlying origin of 
these effects is a partial ordering of the PMN perovskite 
structure in which the niobium and the magnesium atoms 
of PMN alternate in position but over only a few unit cells 
(usually 30-50 Ä). Within these ordered islands, an exter- 
nal field acts upon fluctuating dipoles to make large elec- 
trostrictive motions. 

Magnetostrictive actuators. PZT and PMN ceramics 
are outstanding ferroelectric actuators. However, equally 
interesting developments are taking place in the field of 
ferroelastic and ferromagnetic materials. All these ferroic 
materials have a domain structure in which the walls can 
be moved with electric fields, magnetic fields, or mechan- 
ical stresses. 

Magnetostrictive alloys (e.g., Terfenol-D, Tb,_;rDyxFe2) 
function well as sensors and actuators. (The name Terfe- 
nol refers to terbium and iron, and the Naval Ordnance 

Lab, NOL, where it was developed. The "D" refers to 
the dysprosium-containing variety.) Magnetostrictive 
materials exhibit strain (i.e., a change in dimension) in 
proportion to the direction and extent of magnetization. 
High-power actuators can deliver forces >50 MPa with 
strains up to 0.6%, whereas magnetostrictive sensor ma- 
terials can provide hundreds of times the sensitivity of 
semiconductor strain gages. Magnetoelastic materials (in 
which elastic strain alters the magnetization) also have 
tunable elastic moduli that can be controlled by external 
magnetic fields. 

Many magnetomechanical transducers and actuators 
have been designed and manufactured with Terfenol-D. 
The high energy density, ruggedness, and reliability of 
these actuators make them attractive for vibration suppres- 
sion and high-power sonar. Thin films of magnetostrictive 
rare earth-iron alloys can be sputtered onto silicon and 
patterned by etching or sputtering through masks. 
Micropump and microvalve membranes and cantilevers 
appear to be promising MEMS components. 

The rare earth atoms in Terfenol have large orbital mo- 
ments that interact with fields to give large magnetostric- 
tive strains. The rotation of magnetization is largely 
responsible for the shape change. The field-induced strain 
in Terfenol-D is —100 times larger than strains in iron and 
nickel. 

The iron in Terfenol produces the high Curie tempera- 
ture. The rare earth terbium and dysprosium atoms pro- 
duce the large magnetostriction. In combination, these 
three elements produce the useful alloys. The phase dia- 
gram of Terfenol is the magnetic equivalent to the morph- 
otropic boundary of PZT. A portion of the magnetic phase 
diagram of Terfenol is plotted in Figure 6. Terfenol is cu- 
bic and paramagnetic at high temperature, and it under- 
goes a magnetic phase transformation to a rhombohedral 
structure with magnetic spins parallel to the <111> family 
of crystallographic directions. Near room temperature, it is 
poised on an instability with the spins ready to reorient 
into the tetragonal directions, the former <100> directions 
of the cube. There is a complex domain structure both 
above and below the transition, and like PZT, Terfenol is 
poised on a rhombohedral-tetragonal phase boundary. 

The figure of merit for magnetostrictive actuators is 
proportional to the saturation strain coefficient. But in ad- 
dition to a large shape change, the strain must be easy to 
move. The figure of merit for magnetostrictive actuators is 
the ratio of the saturation strain (k) to the anisotropy coef- 
ficient (K; an indicator of the ease of rotation of the mag- 
netization). In addition to producing a large shape change, 
the strain must be easy to move. TbFe2 has a very large X 
and a large positive K, which reduces its figure of merit. 
DyFe2 has a A' of opposite sign. K greater than zero indi- 
cates the spins preferentially align along <111>, and AT less 
than zero means <100> is preferred. By tuning the compo- 
sition of the ternary alloy to near the point at which K goes 
to zero, one can make an easily movable strain in this 
magnetostrictive alloy, maximizing the figure of merit. 

Thus, it is important to alloy TbFe2 with DyFe2. A large 
shape change is very useful in actuators and transducers, 
but controlling the shape change with small applied fields 
is also important. In contrast, a large shape change frozen 
in position is of no practical value. To lower the driving 
field, a second phase change is positioned near room tem- 
perature by adjusting the alloy composition. It can be done 
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by lowering the Curie temperature, but this method 
demagnetizes the actuator and greatly reduces the magne- 
tostriction coefficient. It is preferable to choose a compo- 
sition near the rhombohedral-tetragonal phase boundary 
where the easy axis, the preferred direction of the mag- 
netic dipoles, switches from <111> to <100>. Composi- 
tions near Dy0 7Tb0 3Fe2 have large magnetostrictive coef- 
ficients with easily controlled shape changes. Below room 
temperature, the magnetic symmetry changes from rhom- 
bohedral to tetragonal with a significant decrease in the 
magnetostrictive shape change. 

Shape-memory metals. The final example of an actua- 
tor material is the shape-memory alloys, which are ther- 
mally driven in contrast to the magnetic drive of mag- 
netostrictors or the electrical drive of piezoelectric and 
electrostrictive materials. Shape-memory alloys also have 
phase transitions associated with the large thermomechan- 
ical coupling coefficients. One commonly used material is 
Nitinol, a nickel-titanium alloy that was initially investi- 
gated at U.S. Navy laboratories (4). Near 1:1 composi- 
tions, the nickel-titanium intermetallic compound melts 
congruently at —1300 °C and has a martensitic phase 
transformation near room temperature. 

The shape-memory alloys undergo martensite-type 
phase transformations similar to those observed in steel 
processing. Two characteristics of martensitic phase 
changes are the absence of long-range diffusion and the 
appearance of a shape change. Ferroelastic phase transfor- 
mations are distortive and diffusionless and have much in 
common with martensitic transformations. Ferroelastic crys- 
tals exhibit mechanical hysteresis between the stress and 
strain caused by stress-induced movement of domain walls. 
Martensites also are internally twinned, but mechanical 
stress causes phase changes and domain wall movements. 

Typically, these materials are partially ordered as they 
undergo transition from a body-centered cubic structure to 
a partially ordered CsCl structure (Figure 7). The shape- 
memory effect takes place at a martensitic transformation 
from the CsCl-like structure into a distorted multidomain 
martensite phase. Under stress, the martensite deforms 
easily; when reheated, it returns to the original morphol- 
ogy of the high-temperature structure. 

Single-phase smart materials 
Most of the best actuators are primary ferroics. These 

ferroelastic, ferromagnetic, or ferroelectric solids are 
poised on an instability, often with two or more phase 
changes involved. PZT is cubic at high temperatures and 
is poised on a tetragonal-rhombohedral phase boundary. 
Partially ordered PMN is poised on a cubic-rhombohedral 
transition. The shape-memory alloys also are partially 
ordered and are poised on a martensitic phase transforma- 
tion. Magnetostrictive Tb-Dy-Fe alloys are cubic at high 
temperatures and are operated at a rhombohedral-tetrago- 
nal spin reorientation. 

In addition to the four materials that we discuss here, 
other kinds of actuators are under development. Field- 
induced phase transitions in modified lead zirconate 
ceramics involve transitions among paraelectric, antiferro- 
electric, and ferroelectric phases. Two phase transitions 
also are involved in photostrictive materials (in which 
electrical and mechanical characteristics change under 
illumination) and in chemostrictive materials such as 
human muscle (which consists of partially hydrated poly- 
meric systems in which phase transitions take place in the 
polymer and in the surrounding sheath of water molecules 
during actuation). 

Functional composites 
Composite materials, another approach to actuation and 

sensing, are closer to our own interests. So far, we have 
described materials that are single-phased—at least at high 
temperatures. Another approach to making smart materials 
is to bring together two or more materials, each of which 
has an associated phase transition. For example, in our 
transducer program, we combine polymeric materials 
(which have phase transitions in which the elastic proper- 
ties undergo large changes) and ferroelectric materials (in 
which the dielectric properties have an associated instabil- 
ity). Because the two materials have different kinds of in- 
stability, we can build up structures that are especially 
good for sensing and actuating (4). 

In working with this family of functional composites, 
we do not have to optimize all of the tensor coefficients— 
only those that appear in the figure of merit. Thus, we 

Figure 7. Body-centered binary 
intermetallics often show a structural 
transformation from a high-temperature, 
disordered body-centered cubic phase 
(top left, space group Im3m) to an ordered 
austenite phase with the CsCl structure 
(top right, space group PmZm). At lower 
temperatures, a second phase transition 
takes place from an austenite structure to a 
twinned martensite phase, pictured here 
(bottom) as three variants of a body- 
centered tetragonal phase (space group 
PA/mmm, unique axis c indicated with 
arrows). Different domains in the material 
adopt these structure variants. When the 
domain walls move under applied stress, 
reversible strain is produced. Adapted from 
Ref 4. Used by permission. 
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Figure 8. Connectivity patterns used in 
composite smart materials. By arranging 
two materials in series and parallel pat- 
terns, internal stress and field distributions 
can be optimized to improve device perfor- 
mance. The directions of connectivity are 
indicated by arrows. Adapted from Ref 4. 
Used by permission. 

have built different connectivity patterns (Figure 8) into 
these materials by using electrically soft materials (ferro- 
electrics) that have high dielectric constants and electri- 
cally hard materials (polymers) that have very low dielec- 
tric constants. Although the polymers are electrically hard, 
they are mechanically soft; compliance coefficients are 
several orders of magnitude larger than those of ceramics. 
Using the connectivity patterns in Figure 8, we build up 
parallel and series connections that optimize particular 
combinations of tensor coefficients. 

Composite materials are used in many structural appli- 
cations, but their use in the electronics industry has been 
limited. As the advantages and disadvantages of compos- 
ite sensors and actuators become better understood, we 
expect this picture to change. Composite electromechani- 
cal transducers offer many advantages over single-phase 
transducers (see box, Composite electromechanical vs 
single-phase transducers). 

Better microphones can be made by reducing acoustic 
impedance. Acoustic impedance can be reduced by par- 
tially replacing ceramics with a soft polymer that better 
couples the transducer vibrations to water and to human 
tissue (i.e., eardrums). Inserting electrodes inside the 
transducers lowers the drive voltage, improves sensitivity 
to hydrostatic waves, and enlarges displacements. Com- 
posite transducers illustrate a very general approach that 
applies to not only piezoelectric materials but also many 
other functional composites. 

Composite piezoelectric transducers (Figure 9, page 46) 
have been manufactured and tested in our laboratory dur- 
ing the past two decades. These functional composites in- 
corporate several underlying ideas, including 
■ connectivity patterns that lead to field and force con- 
centration; 
■ use of periodicity and scale in resonant structures; 
■ symmetry of a composite structure and its influence on 
physical properties; 

Composite electromechanical vs 
single-phase transducers 

Composites offer 
■ Reduced acoustic impedance; better coupling to water 

and human tissue 
■ Lower drive voltage with internal electrodes 
■ Improved sensitivity to hydrostatic waves 
■ Larger displacements for a given electrical stimulus 
■ Acoustic isolation of adjacent sound sources 
■ Passive and active vibration absorption 
■ Improved high-frequency performance with smaller 

active regions 
■ Mechanical strength and flexibility 
■ Backing layers to absorb unwanted vibrations 
■ Reduced hysteresis 
■ Internal stresses and field rearrangements optimized to 

the direction that produces the most motion 
■ Improved breakdown strength 
■ Tuned coupling coefficients, permittivity, and elasticity 
■ Beam-forming capability 
■ Rapid ring-down, that is, rapid vibration damping (impor- 

tant in pulsed-sound applications, including biomedical 
ultrasound) 

■ polychromatic percolation and coupled conduction 
paths; 
■ varistor action and other interfacial effects; 
■ sum, combination, and product properties; 
■ coupled phase transformation phenomena; and 
■ the important role that porosity and inner spaces com- 
posites play in many functional composite materials. 

Up to now, we have discussed primarily piezoelectric 
transducers with electromechanical sensing and actuating 
functions. However, the idea of smart materials is much 
more general (Figure 10, page 46). There are many types 
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Figure 9. Piezoelectric composites 
for use as sensors, actuators, and 
transducers. Bucking balls exhibit sudden 
changes in shape when an electric field is 
applied. A moonie is a disc-shaped 
transducer, and this is an edge-on view. 
Adapted from Ref 4. Used by permission. 
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of sensors, actuators, and feedback circuits. 
Many such sensors and actuators can be fabricated in 

the form of a multilayer ceramic package. Multilayer 
packages originally consisted of low-permittivity dielectric 
layers, interconnected through metallized structures called 
"via holes", with metal circuitry printed on each layer. 
Buried capacitors and resistors have been added to the 
three-dimensional packages. Smart sensors, adaptive actu- 
ators, and display panels—with thermistors and varistors 
to guard against current and voltage overloads—continue 
to be developed. 

Putting instability to work 
Two transformations are involved in most of these smart 

materials. Because these materials often are primary ferro- 
ics (ferroelastic, ferroelectric, or ferromagnetic), they have 
domain wall motions that assist in the sensing and actuat- 
ing processes. The ferroics are operated near an instability 
to make these domain walls—and their associated dipoles 
and strains—movable. We identify three kinds of com- 
monly used actuator materials (and others appear to be 
possible): 
■ In the first kind, as in PZT or Terfenol, Curie tempera- 
ture is high, and the actuator is operated near an orienta- 
tional change of the electric or the magnetic dipole 
moment. 
■ The second kind involves a partially ordered phase, as 
in electrostrictive PMN or the shape-memory alloys. 
These materials are operated near a diffuse phase transi- 
tion with two coexisting phases: the high-temperature or 
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Color change 

Figure 10. Possibilities for smart electroceramic packages. 
Smart devices may bring together many different sensor-actuator 
combinations. Adapted from Ref 5. Used by permission. 

austenite-like phase and the low-temperature or marten- 
sitic-type phase. 
■ The third kind involves composite materials with cou- 
pled phase transformations. For example, piezoelectric ce- 
ramic fibers embedded in elastomers can be used to make 
biomedical transducers. The fibers produce sound waves, 
and the elastomer adjusts the acoustic impedance. This re- 
duces sound reflection at the interface between the trans- 
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More to come 
Marie-Paule Pileni discusses magnetic nanosized alloys 

and composites in the February 2000 issue of Chemical 
Innovation. For those of us who are a little rusty on our 
p-chem, she gives a tutorial on the basic concepts of mag- 
netism, including the domain wall motion and anisotropy ef- 
fects discussed in this article. 

ducer and the biological tissue, allowing more efficient 
penetration of the acoustic waves into the tissue. 

The underlying reasons for the material choices are 
fairly obvious. Why use primary ferroics? Because small 
external fields or forces, whether they are strains, electric 
dipoles, or magnetic dipoles, can be used to produce large 
responses. Why use a cubic prototype phase? Because the 
symmetry of cubic phases produces many equivalent ori- 
entation states, making it unnecessary to grow single crys- 
tals and allowing us to use polycrystalline materials 
instead. Why is partial ordering advantageous? Because it 
provides many nucleation sites for generating a diffuse 
phase transformation. Why operate materials near a mor- 
photropic transition? Because the instability ensures per- 
sistent disequilibrium over a wide range of temperatures. 

By imitating sensor, actuator, and analyzer mechanisms 
already used by living organisms, it may be possible to 
build systems and devices that mimic the functions of life 
itself. If motion sensors, audio receivers, and microphones 
are artificial eyes, ears, and voices, can artificial minds be 
far behind? 
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C£ BOOK ALERT Short treatments of longer works 

Marc C. Fitzgerald 

How the experts would improve innovation 
Scientists and managers who are interested in R&D policy will 

find Investing in Innovation: Creating a Research and Innovation 
Policy That Works worth reading. This compendium of viewpoints, 
based on the government report, Investing in Innovation: Toward 
a Consensus Strategy for Federal Technology Policy, comes at a 
time when investments in science, basic engineering, and educa- 
tion have never been more important. The editors, Lewis M. 
Branscomb and James H. Keller, have assembled a hard-hitting 
contribution to the debate over the proper role of government in 
the nation's science and technology policy. 

Investing in Innovation is presented in three parts. It begins 
with an examination of the technology policy that the Clinton ad- 
ministration issued in 1993. The statement was the logical culmi- 
nation of more than 20 years of debate on how the United States 
should respond to the challenge of foreign competition in high- 
technology industries and the investments of foreign governments 
in support of national innovation initiatives. The second part of the 
book assesses seven specific technology programs promoted by 

the Clinton-Gore administration as a result of the aforementioned 
report, which was presented at the annual colloquium of the 
Americans Association for the Advancement of Science in April 
1997. The third part focuses on moving the debate beyond parti- 
sanship and determining how new policy tools can be used as a 
basis for federal activity. In the last chapter, the editors have com- 
piled six principles for policy makers in support of research and 
innovation: encourage private innovation, emphasize basic tech- 
nology, facilitate access to new and old technologies, use all policy 
tools (not just R&D), leverage globalization of innovation, and im- 
prove government effectiveness in policy development. 

Most of the authors are academicians in public policy and eco- 
nomics, but there is also representation from private nonprofit 
organizations and independent consultancies. 

MIT Press: Cambridge, MA, 1998 (hard), 1999 (paper); 516 
pages; ISBN 0-262-02446-2; $38.50 and $20.00, respectively. To 
order, call 800-356-0343. 
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A neutrally buoyant, underwater acoustic intensity probe is constructed and tested. This sensor 
measures the acoustic particle velocity at two closely spaced locations, hence it is denoted a "u-u" 
intensity probe. A new theoretical derivation infers the acoustic pressure from this one-dimensional 
velocity gradient, permitting the computation of one component of acoustic intensity. A calibration 
device, which produces a planar standing-wave field, is constructed and tested. In this calibrator, the 
performance of the u-u intensity probe compares favorably to that of an acoustic intensity probe 
which measures both pressure and velocity directly. © 1999 Acoustical Society of America. 
[S0001-4966(99)05312-6] 

PACS numbers: 43.30.Xm, 43.30.Yj, 43.58.Fm [DLB] 

INTRODUCTION 

Acoustic intensity is a measure of the magnitude and 
direction of acoustic energy transport. Quantitatively, inten- 
sity is the period averaged product of acoustic pressure and 
acoustic particle velocity at a single point.1 Fahy" shows that 
intensity is the product of the complex acoustic pressure, p, 
and the complex conjugate of the acoustic particle velocity, 

1  r> 1 
[=-     p(t)u(t)dt= -pu 

t Jo ~ 
(1) 

Intensity is a vector quantity: there is a direction associ- 
ated with it. As a vector quantity, it provides physical infor- 
mation that scalar acoustic pressure simply cannot. In a com- 
plex sound field, i.e.. one having multiple sound sources, an 
acoustician measuring intensity will be able to quantify the 
sound power radiated from each source. The vector nature of 
intensity also enables the location of individual acoustic 
sources to be determined by simple triangulation. 

In the late 1970's Chung3 developed the cross-spectral 
formulation of the two microphone, or p-p, technique. Bas- 
ing his formulation on the linearized Euler's equation. Chung 
showed that intensity is proportional to the cross spectrum 
between two pressure microphones. Chung's technique, 
along with FFT analyzers and microphones with approxi- 
mately matched phases, marked the beginning of reliable in- 
tensity measurements. In 1991. Ng4 extended the p-p inten- 
sity measurement technique to underwater environments. In 
1995. McConnell et al.5 invented an underwater acoustic in- 
tensity sensor that uses a pair of velocity sensors. This u-u 
intensity probe is quite similar in principle to the p-p probe. 

The first section of this paper deals with the issues fun- 
damental to the operation of the u-u intensity probe. In the 
second, the theory and procedures used to calibrate the u-u 

intensity probe are presented. Verification of the calibra- 
tion's accuracy is then accomplished by comparing intensity 
measurements made by the u-u probe to those made by a 
p-u probe.67 a device that directly measures both particle 
velocity and pressure. 

I. VELOCITY GRADIENT INTENSITY 

Measurements of intensity in a single dimension are 
commonly obtained from a pressure gradient. This technique 
uses the linearized Euler's equation and a finite difference 
approximation to infer velocity from the pressure gradient 
measured by two pressure sensors." In this paper, a new tech- 
nique invented by McConnell et al.5 will be used to infer 
pressure from the velocity gradient measured by two acous- 
tic velocity sensors. 

The linearized equation of continuity.1 a statement of 
conservation of mass in a fluid, indicates 

dp 
—+ Po(V-u) = 0, (2) 

where u is the particle velocity, and p0 is the ambient fluid 
density. The instantaneous density, p. is related to the acous- 
tic pressure, p. through the equation of state. Hence. Eq. (2) 
takes the form 

dp      . 
-£ + c-p0(V-u) = 0. (3) 

Assuming time harmonic quantities and solving for acoustic 
pressure yields 

p= (v-u), (4) 

"Electronic mail: zabour@sabine.acs.psu.edu 

where a» is the radian frequency of the acoustic wave and c is 
the speed of sound in the fluid. A finite difference approxi- 
mation to the velocity gradient yields 

3178    J. Acoust. Soc. Am. 106 (6), December 1999     0001-4966/99/106(6)/3178/11/S15.00     © 1999 Acoustical Society of America    3178 



JPoC~ Awr 

17' 
A«,, 

17 
A«, 

(5) 

where AMX is the difference of the .r-component of acoustic 
particle velocity between two locations separated by a dis- 
tance A.T (similar definitions apply in the y and z directions). 
It is apparent that pressure depends upon the components of 
velocity in all three directions. Thus in a three-dimensional 
acoustic field, all three components of velocity at each of two 
locations are required to measure the acoustic pressure. 
However, if the acoustic field is one-dimensional, as in this 
experimental investigation, a measurement of pressure can 
be obtained from two single-dimensional velocity sensors. 
The velocity at the mid-point between these sensors is ap- 
proximated by the average of the two known velocities. 
Therefore, the z-component of Eq. (1) takes the form 

JP0C~ r -ir    *  ,     *1 
I-=r—r;[>2-"i]["2+"i]- (6) 
"    2*>AzL"z   ~1JL~-    ~1J' 

Multiplying out the bracketed terms, and noting that uxu* 
= G[2. the cross-spectrum of u{ and u2, Eq. (6) becomes 

I. = -—— [G22+G2i-Gi2-Gn]- 
ZCütSZ 

(7) 

Next, the total intensity is separated into its two con- 
stituent parts—active intensity and reactive intensity. The ac- 
tive and reactive components of intensity are the real and 
imaginary parts of Eq. (7), respectively. Pressure and veloc- 
ity are entirely in-phase for active intensity, implying both a 
net transport of acoustic energy, and a nonzero time average. 
The presence of a local active intensity does not infer that 
energy is being transported throughout an extended region of 
the field. For reactive intensity, the pressure and velocity are 
out-of-phase. Therefore, reactive intensity has a zero time 
averase and corresponds to local oscillatory transport of 
energy.2 Note that in practice, an acoustic field that is either 
purely active, or purely reactive cannot exist. 

The derivation of an expression for active intensity be- 
gins with the real part of Eq. (7). Since auto-spectra are 
purely real quantities, that expression becomes 

l? = 
2cuAz 

Re[/G21-y'G,2]. (8) 

Substituting G*2 for G21 and separating the cross-spectra into 
their real and imaginary components produces the final form: 

I?=-^llm[GI2]. (9) 

In a similar manner, a simplified form for the reactive 
component of intensity can be derived; starting with the 
imaginary part of Eq. (7), 

r •     2 
II = Imir—— [G->o+G21-G,2-Gn] . 

tZtoAz 
(10) 

Separating the cross-spectra into their real and imaginary 
pans and canceling like terms produces the final form: 

1- = ^—rr[G22-Gu]- (11) 

FIG. 1. The velocity gradient, or u-u. intensity probe. 

As a final note, this development is based on the linear- 
ized equation of continuity; thus, the validity of the equa- 
tions presented is limited to the regime of linear acoustics. In 
addition. Eqs. (6)—(11) are valid only in one-dimensional 
acoustic fields. 

II. INTENSITY PROBE DESIGN 

The u-u probe, as described by McConnell et cd.,5 is a 
single axis intensity sensor consisting of two moving coil 
velocity sensors in two separate, coaxially oriented cylindri- 
cal bodies. The velocity sensors in this design, GeoSpace 
GS-14-L3 geophones.8 are located in the geometric center of 
each cylinder. The velocity sensor bodies are neutrally buoy- 
ant, meaning that their density is substantially equal to the 
ambient density of the surrounding fluid medium. The co- 
axial orientation of the sensor bodies is maintained by sus- 
pension springs which connect the ends of each body to a 
free flooding, acoustically transparent support structure, as 
illustrated in Figs. 1 and 2. The suspension springs have a 
high radial stiffness and an extremely low axial stiffness to 
facilitate the positioning of the sensor without adversely in- 
fluencing its dynamics. 

FIG. 2. An exploded view of a single velocity sensor body and its suspen- 
sion system. 1 is the syntactic foam body. 2 is the geophone. 3 is /t-metal 
which minimizes magnetic cross-talk. 4 is a suspension spring, 5 are screws. 
6 are ballast disks. 7 are inserts, and 8 is the support tube. 
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A. Fundamentals 

Moving coil sensors such as the geophone are primarily 
used by geophysicists to measure the low frequency move- 
ment of the Earth's surface. However, there are distinct ad- 
vantages to employing geophones as underwater sensors. 
Geophones have one of the highest signal-to-noise ratios of 
currently existing transducers, and in comparison to piezo- 
electric devices, they have a very high receiving sensitivity. 
In addition, due to their low output impedances, geophones 
can drive impressive lengths of signal cable without pream- 
plification. 

The transducing elements in a geophone consist of a 
permanent magnet running through the center of the geo- 
phone case, and a coil of wire around a spindle. The spindle 
is constrained by springs to move along the length of the bar 
magnet. The physics governing the transduction of a geo- 
phone is that e = Blv. The voltage, e, induced across the 
ends of the geophone's moving coil equals the product of the 
transduction coefficient, Bl, and the relative velocity, v, be- 
tween the coil and the bar magnet running through it. 

The mechanical elements of a geophone impose limits 
on its direct measurement of velocity. The resonance fre- 
quency of the geophone is set by its mass-spring system, 
consisting of the moving coil-spindle and the springs that 
position it along the bar magnet. For mechanical excitation at 
frequencies above this resonance frequency, the coil remains 
virtually motionless while the geophone oscillates around it. 
Under these conditions, the output voltage of the geophone is 
proportional to the case velocity. Below the resonance fre- 
quency, the output of the geophone is proportional to jerk, 
acceleration's time rate of change. 

For the geophone's output voltage to be proportional to 
the acoustic particle velocity, the geophone's velocity must 
equal the acoustic particle velocity. This can only be 
achieved if the density of the sensor body matches that of the 
ambient fluid medium.1011 This condition, known as neutral 
buoyancy, exists when an object submerged in a fluid neither 
floats nor sinks. For moving coil sensors, the desired condi- 
tion is dynamic neutral buoyancy (DNB); i.e., when the dy- 
namic (moving) density of a body matches that of the fluid 
medium. As previously discussed, for excitation at frequen- 
cies above the geophone's resonance frequency, the proof 
mass remains essentially motionless: therefore, a geophone's 
dynamic density is less than its static density. 

For the GS-14-L3 geophone to become neutrally buoy- 
ant, it must be imbedded in a substantially larger volume of 
positively buoyant material. Syntactic foam, a composite of 
epoxy binder12 and tiny hollow glass spheres called 
microballoons,13 is such a material. To obtain foam of very 
low density, a mixture of 4 parts microballoons to 1 part 
epoxy binder is used. When the foam has cured, it is ma- 
chined to allow insertion of a geophone into the geometric 
center of the body. Due to the foam's low density of «0.5 
g/cc. the length of a 3.80 cm diameter neutrally buoyant right 
circular cylinder is less than 5 cm. For the calculation of the 
cylinder's exact length, the masses of all the sensors com- 
ponents must be known. Table I outlines the mass and vol- 
ume of each component in a single velocity sensor body, 
which is illustrated in Fig. 2. 

TABLE I. The masses and volumes of the u-u probe's constituent parts. 
Note that SNB denotes static neutral buoyancy, and DNB denotes dynamic 
neutral buoyancy. 

Component Mass <g) Volume (cc) 

Foam cylinder 22.7 45.5 
Geophone 18.3 3.82 
/i-metal 1.43 0.232 
Springs (2) 1.82 0.177 
Fasteners 0.053 0.006 
Ballast for SNB 6.10 0.695 
Subtotal 50.4 50.4 

Ballast for DNB 2.43 0.276 

Total 52.9 50.7 

To achieve neutral buoyancy, even the effective mass of 
the suspension springs must be accounted for. To first order, 
the moving mass of a cantilever-type spring in a simple har- 
monic oscillator is equivalent to one quarter the moving 
mass of the spring.14 

To test for neutral buoyancy, the sensor body is sub- 
merged in water. If the sensor neither sinks nor floats, it is 
statically neutrally buoyant. Testing indicated that a 1% de- 
viation from neutral buoyancy was observable. That is. if the 
total sensor mass was 1% lower (or higher) than that of a 
neutrally buoyant body, the sensor would float (or sink). To 
achieve dynamic neutral buoyancy, the sensor body is bal- 
lasted with a mass equal to the geophone's proof mass, with- 
out displacing any additional volume. In practice it is easier 
to add mass in the form of ballast disks, as in Fig. 2. As these 
disks displace volume, a mass equal to the proof mass plus 
the mass of water displaced by the ballast disk is added, as 
listed in Table I. 

B. Suspension system 

The suspension system consists of two elements: a sup- 
port tube and two beryllium copper springs. The support tube 
was machined from nylon-6. a material that exhibits an 
acoustic impedance substantially equal to that of bulk water. 
The suspension springs, which are illustrated in Figs. 1 and 
2. serve two primary functions: maintaining the coaxial ori- 
entation of the sensor bodies and isolating the sensors from 
any vibration in the structure to which the u-u probe is 
mounted. Due to the springs' high radial stiffness and ex- 
tremely low axial stiffness, the sensor body is "free" to 
move in the axial (sensing) direction, but has no excursion in 
the radial direction. 

The suspension springs were photo-etched from 0.20 
mm (8 mil) beryllium copper shim stock. These springs are 
similar in design to those used to support the proof mass in 
typical geophones. However, they have two subtle differ- 
ences: the suspension springs are larger and have two bolting 
rings. The bolting rings allow the springs to be connected to 
both the support tube and the sensor body. The springs are 
fastened using 00-90 screws and threaded press-fit inserts as 
shown in Fig. 2. 

The suspension springs' design gives the sensor mass- 
spring system a sufficiently low resonance frequency that the 
suspension dynamics do not adversely affect the probe's per- 
formance. Modeling the spring as a cantilever beam allows 
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the theoretical prediction of its resonance frequency. This 
model rests on several assumptions. First, the mass of the 
sensor body is approximated as a point mass at the end of the 
cantilever beam. Further, the slightly curved cantilevers are 
modeled as straight beams. This approximation is valid be- 
cause the amplitude of the beams' deflection is small com- 
pared to their overall length. Note that each of the six spring 
members (i.e.. three per spring) support one-sixth the sen- 
sor's total mass. The theoretical resonance frequency of the 
probe-suspension system is 6.28 Hz, as calculated using 
equations from Thomson.15 

The resonance frequency of the probe-suspension sys- 
tem was experimentally measured underwater. An underwa- 
ter source acoustically excited a single probe body's geo- 
phone. while a hydrophone was used as a reference 
transducer. The probe-suspension system resonance fre- 
quency was determined from the frequency response mea- 
sured between the two transducers to be (6.13 ±0.05) Hz. 
The Q of the probe-mass/suspension-spring resonance is ap- 
proximately 15. and the system's resonance frequency is 
substantially lower than that of the geophone (28 Hz). Ac- 
cordingly, the phase and amplitude errors introduced at fre- 
quencies above the geophone's resonance are negligible. 

C. Performance issues 

The distance separating the acoustic centers of the ve- 
locity sensors determines the upper frequency of operation. 
This distance also affects the amount of undesirable interac- 
tion between the sensor bodies. This cross-talk between the 
sensors manifests itself in three forms: structural, magnetic, 
and hydrodynamic. 

The upper frequency limit of the u-u intensity probe is 
defined as the frequency at which a 10% (1 dB) bias error 
occurs in the estimation of acoustic intensity. A bias error is 
the difference between the measurement of a quantity, and 
the quantity's true value. In this case, the bias error results 
from using a finite difference approximation of the velocity 
gradient in Eq. (5). Following Fahy's2 bias error derivation 
for p-p intensity probes exposed to a plane wave field, the 
normalized bias error in the u-u probe's estimation of pres- 
sure and velocity are 

eb[p] = 
sin(kAz) 

kAz 
1, and ej,[u.] = cos(kAz)— 1, 

(12) 

where k=o)lc. Forming the normalized bias error of the 
intensity estimate, and making a Taylor series expansion16 

yields: 

CbUz]~- \(kAz)2+ jaiklz)*. (13) 

The lower frequency limit of the probe is effectively set 
by the phase mismatch between the two sensors. Of course, 
the majority of the phase mismatch can be removed through 
proper calibration, as will be shown later. 

In addition to the finite difference error, the sensor spac- 
ing also affects the amount of cross-talk between the sensors. 
Magnetic coupling can occur between two geophones in 
close proximity, as in the u-u probe. Relative motion be- 

tween the magnet of one geophone and the coil of the second 
will induce an undesirable current in that second coil. 

Hydrodynamic coupling between the sensor bodies oc- 
curs when slight deviations from neutral buoyancy alter the 
bodies' velocity from that of the acoustic particle velocity. 
This nonideal movement of one sensor body disturbs the 
acoustic field sensed by the second body. Due to their de- 
sign, the suspension springs may also entrain mass, and con- 
tribute to hydrodynamic coupling. The suspension springs 
employed in the u-u intensity probe are attached to both the 
moving probe bodies, and the stationary structural support 
tube. The spring members are neither stationary nor moving 
with the acoustic particle velocity; therefore, there is mass 
entrained with the springs' motion. 

The mechanical connection between the sensor bodies 
(via the support tube) gives rise to the possibility of undesir- 
able vibrational coupling between them. However, the vibra- 
tion isolation provided by the suspension springs renders this 
negligible.17 

To ensure the proper operation of the u-u probe, the 
contributions of all these coupling mechanisms occurring in 
typical operating conditions must be measured. Accordingly, 
a scenario to simulate these conditions was devised. The coil 
of one geophone is electrically driven to simulate the motion 
(effective acoustic velocity) that would occur if the u-u 
probe were subjected to an acoustic plane wave field of am- 
plitude 150 dB re: 1 /iPa. The voltage induced (in the second 
geophone) by the combined magnetic and hydrodynamic 
coupling can be adjusted by the geophone's receiving sensi- 
tivity, providing an "effective velocity due to coupling." 
This velocity can then be compared to the effective acoustic 
velocity in order to quantify the extent of the coupling. 

In water, a plane wave with an amplitude of 150 dB re: 
1 /iPa corresponds to an effective plane wave particle veloc- 
ity of 2.1X10_3cm/s. A GS-14-L3 geophone with known 
sensitivity was driven with a broadband signal equivalent to 
150 dB re: 1 fiPa in each frequency analysis bin. 

In this measurement, one body was driven electrically at 
the aforementioned level, and the motion induced in the 
other body was measured. This test was performed in water 
so that the combined hydrodynamic and magnetic effects 
could be compared to in-air test results, which essentially 
measured only the magnetic effects. Figure 3 illustrates these 
velocities normalized by the effective acoustic velocity. The 
velocity induced by these coupling mechanisms is at most 25 
dB below the acoustic disturbance of interest (the effective 
150 dB re: I /uPa plane wave). Therefore, the effects of the 
coupling mechanisms are considered to be insignificant. 

III. CALIBRATION FACILITY 

Calibrating an acoustic intensity sensor underwater is a 
formidable challenge. Standard underwater intensity and ve- 
locity transducers do not exist at this time, so a relative cali- 
bration is impossible. Simply attaching an accelerometer to 
each sensor body is initially an attractive option: however, 
this adds mass to the body, causing deviations from neutral 
buoyancy. Further, it can provide no indication of whether or 
not the probe body's velocity matches the acoustic particle 
velocity. Calibration in air. where velocity sensors are avail- 
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FIG. 3. The ratio of the hydrodynamicly and magneticly induced velocity 
relative to the effective acoustic velocity, the 150 dB re: 1 /*Pa plane wave. 
The upper and lower curves are in water and in air. respectively. 

able in the form of hot wire anemometers, is not an option, 
because the sensor bodies are not neutrally buoyant in air. 

A reasonable option for a transducer to employ in an 
underwater comparison calibration is a hydrophone. The use 
of a hydrophone in a relative calibration relies on knowledge 
of the phase relationship between pressure and velocity in 
the acoustic field. The ideal calibration would take place in a 
progressive plane wave field, where the phase between pres- 
sure and velocity is 0°. Such fields are difficult to achieve, 
even in a laboratory setting. A standing plane wave field, 
where the pressure and velocity are 90° out-of-phase, offers 
an alternative option for calibration. This is perhaps the 
harshest field in which to perform a calibration, due to the 
presence of pressure and velocity nodes. However, this type 
of field can be created in the laboratory, which is a benefit 
outweighing its numerous detriments. 

A. Description of the slow wave calibrator 

The slow wave calibrator (SWC) developed in this re- 
search is a vertically oriented, water filled, elastic walled, 
one-dimensional waveguide. The SWC is illustrated in Fig. 
4. A piston sound source is located at the lower end, while 
the opposite end is an air-water interface. The 20.3 cm di- 
ameter cylindrical acrylic wall of the SWC is 1.22 m tall, and 
has a thickness of 0.64 cm. A USRD J9 source,18 with a 
piston diameter of 7.5 cm. acts as the sound source for the 
SWC. The acoustic standing waves in the SWC depend on 
the acoustic reflection from the water-air interface, which is 
a pressure-release boundary. Accordingly, the phase between 
pressure and velocity at any axial location in the SWC is 90°. 

One advantage a SWC has over a rigid walled calibrator 
is that the phase speed of the fluid inside the elastic walled 
SWC is substantially reduced from that in the bulk 
medium.19'20 This decreased phase speed dramatically short- 
ens the wavelengths, and the accuracy of low frequency mea- 
surements made by the u-u probe is improved by lessening 
the influence of transducer phase mismatch. This advantage 
may be offset by an increase in the finite difference error 
given by Eq. (13). 

FIG. 4. The slow wave calibrator with the u-u intensity probe and reference 
transducers suspended from above. Note that the two cables attached to the 
USRD J9 source are for the electrical driving signal and the driver's hydro- 
static pressure compensation. 

B. SWC acoustic performance 

The acoustic waveguide nature of the SWC largely con- 
tributes to the planarity of the wavefronts. Detailed mapping 
of the cross section of the SWC with a hydrophone found the 
wavefronts were to be planar within 1 dB from 28 Hz to 850 
Hz in the section used for sensor calibration. 

The longitudinal sound speed in the SWC dictates two 
important parameters of the facility: the modal resonance 
frequencies, and the plane-wave cutoff frequency. The phase 
speed of acoustic waves in a fluid medium is proportional to 
the square root of an elastic modulus. In a large body of 
fluid, the relevant quantity is the bulk modulus. However, the 
elastic vessel constraining the fluid in the SWC contributes 
the majority of the system's compliance. Consequently, the 
effective sound speed, ceff, in an elastic-walled waveguide20 

is given by 

-''Poc- 
ceff=Vß/ PO M +——u-*-: tE 

(14) 

where B is the bulk modulus of the fluid. p0 is the density of 
the fluid, r is the inner radius of the duct, c is the bulk phase 
speed of sound, t is the thickness of the duct wall. E is 
Young's modulus of the wall material and v is the Poisson's 
ratio of the wall material. Using Eq. (14). the theoretical 
phase speed. ceff, in the SWC is (290± 10) m/s. The uncer- 
tainty is due to the variance in the acrylic wall's Young's 
modulus, as specified by the manufacturer.21 
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This theoretically determined sound speed was verified 
experimentally by two independent measurements. The first 
was to ensonify the SWC at its resonance frequencies and 
measure the distance between adjacent nodes. The steep 
pressure gradient around each node improves the accuracy 
with which an axially scanned hydrophone can locate each 
pressure minimum. The distance between two adjacent pres- 
sure minima corresponds to a half wavelength of the driving 
frequency. The nodes of three resonance frequencies of the 
SWC were measured, and basic acoustics22 (i.e., c=/X) in- 
dicated that the sound speed was (355± 8) m/s, which is less 
than one-quarter the bulk speed in water. Note that within the 
uncertainty of the data, the SWC is a nondispersive system. 

Recall that the resonance frequencies of a system are the 
frequencies at which the imaginary part of the total imped- 
ance vanishes. The SWC is not a purely acoustic system 
because the mechanical impedance of the sound source is 
coupled to the acoustic domain, resulting in a nonnegligible 
shift of the resonance frequencies. The second method to 
measure the sound speed effectively uncouples the acoustic 
and mechanical domains, thus removing the influence of the 
driver's impedance from measurements of the SWC's reso- 
nance frequencies. 

The details of this method were presented by 
McConnell;23 therefore, only a brief overview will be pre- 
sented here. The resonances of the acoustic portion of the 
SWC can be obtained from a measurement of the transfer 
function between a hydrophone at an arbitrary depth below 
the surface of the SWC and an accelerometer24 mounted on 
the piston of the J9. From these frequencies, the speed of 
sound can easily be determined with the following relation- 
ship: 

ceff= 
2/„/ 

(15) 

where « = 0.1.2,..., and / is the length (height) of the SWC. 
Employing Eq. (15), and averaging together the five lowest 
measured resonance frequencies, results in a sound speed of 
(360±3)m/s. All five resonance frequencies fell within 3 
Hz of the theoretical values calculated with the assumption 
of this sound speed. 

According to the experimentally determined sound 
speed, the plane-wave cutoff frequency of the SWC is »1 
kHz. Measurements of the wavefront planarity show abrupt 
deviations from planar behavior at 900 Hz, supporting this 
estimate. The wavefronts are planar within 1 dB from 28 Hz 
to 850 Hz in the section of the SWC used during the sensor's 
calibration. 

The theoretically calculated sound speed is within 20% 
of the experimentally measured value. The discrepancy is 
likely due to the uncertainty in many of the published mate- 
rial properties of the acrylic tube. The agreement between the 
two experimental methods is quite good, however. The 
sound speed as determined by the transfer function method is 
(360±3) m/s. This value lies within the experimental uncer- 
tainty of the (355±8) m/s value obtained from the pressure 
null measurements. 

C. System transfer functions for calibration 

The u-u intensity probe must be calibrated to produce a 
measurement of intensity. The SWC is used as the calibra- 
tion faculty. Excluding the extreme outer radial area of the 
SWC, sensors at coincident depths are subjected to the same 
acoustic field. Because the phase between the pressure and 
velocity is a known 90°, a calibration relative to pressure 
hydrophones can be performed. Note that this procedure is a 
proof of principle; it is neither an absolute calibration, nor 
the best method of calibration conceivable. 

The measurement of active intensity produced by the 
u-u intensity probe is proportional to the imaginary part of 
Gi2, whereas that of reactive intensity is proportional to the 
difference of G^ and Gu as illustrated in Eqs. (9) and (11). 
Spectral quantities such as these are not directly measurable, 
because they involve particle velocities, whereas the sensors' 
output is voltage. A transfer function, H, relates an input 
quantity, x, to a measured output quantity, x: 

x=-. 

It follows that 

°n-H 
Gn 

li 

(16) 

(17) 

where G]t is a voltage spectrum, and Hu is the transfer 
function that relates geophone velocity to output voltage. In 
order that no assumptions be made about the magnitude and 
phase of the geophone output voltage, an expression for H n 
that depends on the reference hydrophone output voltage will 
be derived. For this reason, the velocity field in the SWC 
must be expressed in terms of the acoustic pressure. Figures 
5 and 6 illustrate the layout of the sensors in the SWC. The 
expression describing the pressure at a depth z below the free 
surface of the SWC is: 

pU,t)=p0sin(kz)eJa". 

The particle velocity is: 

u.(z,r)=y—cos(jfcz)^"". 
Poc 

Combining these produces: 

(18) 

(19) 

p0c tan(W[) p0c tan(W2)' 
(20) 

The transfer functions for the pressure and velocity sensors 
are: 

P\ 
U=.= H-'     U=:=HT-    P,=HT'    P2=Hf-        (21) l

Pi 

"P2 

where subscripts 1 and 2 refer to locations dx and d2, re- 
spectively. Note that the subscript z is suppressed in the volt- 
age and transfer function terms. 
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FIG. 5. The orientation of the reference hydrophones and u-u intensity 
probe in the SWC. 

FIG. 6. The arrangement of the sensors in the u-u probe calibration proce- 
dure. Note that the aluminum positioning rods are attached to a three axis 
positioning system from above. 

The hydrophone transfer functions can be separated into 
magnitude and phase components such that. 

Substituting the acoustic quantities from Eq. (21) into 
Eq. (20) produces a transfer function for each velocity sensor 
that involves the voltages measured by the pressure and ve- 
locity sensors: 

H„1=-;'Po^tan(^i)HPl — 
Pi 

and (22) 

H„,= -jpoc tan(*<f2)Hp, j^- 

Recall that the quantities Hn, H12, and #22. which are used 
for adjusting the three measured velocity spectra involved in 
intensity measurements, are denned as: 

//U = HUH*,    HI2=H„H*,    tfa^H.*. 

Combining Eqs. (22) and (23) produces: 

H12=(p0c)2tan(Wi)tan(W2)HpH^ j-—-, 
' ePi ep2 

e„, e* 
//11 = (p0c)2tan(W1)tan(W,)HPiH* T-T5T, 

Pi   P\ 

and 

ry„=(poc)2tan(W-,)tan(W2)Hp,H* J^IT- 
"    '   Pi   Pi 

(23) 

(24) 

(25) 

(26) 

H„2=HpHp*:=|HPl||Hpje ,y( <*!-<*:) (27) 

where |Hp | and |HpJ are the open circuit receiving sensi- 
tivities of hydrophones 1 and 2. Mp and A/p„, respectively. 
The phase difference between the two hydrophones can be 
measured using a standard switching technique. " 

Substituting a simplified version of the transfer function 
into Eq. (9) produces the final form of the equation for active 
intensity measurements: 

!?=-■ 
1 

<ap0Az tan(kdi )tan( kd2)MpMp^ 

Xlm 
G12G; 

G 
Ol!±j< *,-*.) (28) 

Here the transfer function given in Eq. (24) has been simpli- 
fied by a change in notation: Gc

u üo is the cross-spectrum 

between the geophone output voltages, and Gp Pi is the 
cross-spectrum between the hydrophone output voltages. The 
superscript c denotes that both of these quantities are mea- 
sured in the probe's calibration procedure. The term G)2 is 
the voltage cross-spectrum between the geophone outputs in 
an intensity measurement situation. 

The analogous substitutions into Eq. (11) produce the 
working expression for reactive intensity: 
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FIG. 7. Intensity and pressure-velocity phase at a depth of 20 cm in the 
SWC, as measured by the reference hydrophones using the p-p technique. 
The peak at 60 Hz is due to EMI. Note that Iref is 10"12/pc W/nr. 

FIG. 8. Intensity and pressure-velocity phase at a depth of 20 cm in the 
SWC, as measured by the u-u intensity probe. The peak at 60 Hz is due to 
EMI. and Iref is 10" !2/pc W/nr. 

i:=- 
i 

2o>p0Az 

GITP p2Pz GnG 
PiPi 

_ tan2(kd2)M
2

pGlUz    tan^fe/,)^^,,,, 

IV. MEASUREMENT OF INTENSITY 

The calibration setup depicted schematically in Fig. 5 
and photographically in Fig. 6 can also be used to measure 
the acoustic intensity of the standing-wave field set up within 
the SWC. The two pressure hydrophones can be used for a 
p-p intensity measurement that can be compared to the u-u 
probe's measurement. A second verification of the u-u 
probe's accuracy is based on a comparison of a u-u intensity 
measurement with a measurement made by a p-u intensity 
probe.-6 

An eight channel Hewlett Packard 3567A dynamic sig- 
nal analyzer (DSA) was used to process the transducer out- 
puts. Any phase difference between the eight DSA channels 
will have a significant impact on the measurement accuracy. 
The greatest amount of amplitude and phase mismatch be- 
tween any of the DSA channels was measured to be 0.1% 
and 0.02°, respectively. 

The hydrophones27 used for the calibration have a sen- 
sitivity of —210 dB re: 1 V per /iPa. These piezoceramic 
hydrophones have a nominal capacitance of 3.4 nF. A 
preamp was used with these hydrophones to avoid amplitude 
and phase errors. The former would be created by the voltage 
divider consisting of the hydrophone capacitance and the in- 
put capacitance of the DSA (100 pF), while latter would be 
introduced at low frequencies by the low pass filter consist- 
ing of the hydrophone's capacitance and the input impedance 
of the DSA. Ithaco 1201 preamplifiers.28 with a nominal in- 
put impedance of 100 Mfl. were used with all the hydro- 
phone measurements presented in this paper. 

The signal driving the J9 source, which ensonified the 
SWC, was generated by the DSA. Due to the limitation of 
the DSA's source voltage and the low sensitivity of the J9, a 
power amplifier29 was required to boost the driving signal's 
amplitude. The frequency response of the power amplifier is 
flat within 0.1 dB over the range of 28 Hz to 2800 Hz. 

(29)      A. Pressure gradient technique 

In effort to remove any phase mismatch between the 
reference hydrophones in subsequent measurements, their 
phase difference was measured with a standard switching 
technique3-25 conducted in the SWC with the acoustic centers 
of the hydrophones located at coincident depths. Recall that 
the wavefronts in the SWC are planar within 1 dB; therefore, 
the implementation of the switching technique might seem 
unnecessary. However, the switching technique lessens the 
effects of the SWC's standing-wave resonances on the mea- 
surement In this measurement the coherence function be- 
tween the hydrophones fell below 0.999 only at 60 Hz, and 
at frequencies above the plane-wave cutoff frequency («>1 
kHz). 

A velocity maximum exists for all frequencies at the 
air—water interface, making it the ideal location for achiev- 
ing a high signal-to-noise ratio for velocity sensor measure- 
ments. However, the pressure at that location is effectively 
zero for all frequencies, making it the worst possible location 
for hydrophone measurements. Similarly, for a given fre- 
quency, the locations of pressure maxima are velocity 
minima. Therefore, the location of the sensors in the SWC is 
essentially an arbitrary choice, because at every location in 
the SWC except the surface, a velocity minima exists -for 
some frequency. For the following measurements, the u-u 
intensity probe and reference hydrophones were mounted 20 
cm below the free surface of the SWC. which was filled with 
water until a meniscus formed above the top of the acrylic 
wall. Completely filling the SWC alleviates any concern of 
standing-wave formation in the air column above the air- 
water interface. 
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FIG. 9. (a) The coherence functions between each probe body and the 
corresponding reference hydrophone, (b) The coherence functions between 
the probe bodies, and between the reference hydrophones. 

Intensity is measured with the p-p technique during the 
calibration of the u-u intensity probe. Equations (28) and 
(29) predict that if the calibration procedure and intensity 
measurement are coincident, all the velocity spectra from the 
u-u probe bodies will cancel, producing a p-p intensity mea- 
surement. The phase information determined by the switch- 
ing technique and the various cross-spectra and physical 
quantities illustrated in Eqs. (28) and (29) generated the in- 
tensity curve in Fig. 7(a). This measurement was repeated 
without the intensity probe located between the hydro- 
phones, and no significant changes resulted. This indicates 
that the presence of the u-u probe did not adversely affect 
the p-p probe intensity measurement. 

The reactive component of intensity illustrated in Fig. 
7(a) is nominally 20 dB higher than the active component. 
This is expected, because the energy in the SWC is predomi- 
nantly reverberant, or reactive. To quantify the extent to 
which the field is reactive, the phase between pressure and 
velocity is calculated. An equivalent and simpler method is 
to calculate the phase between the real and imaginary parts 
of intensity. This is equivalent to the phase of Gpu, which is 
given in Fig. 7(b). The phase between pressure and velocity 
should be 90°; however, the data of Fig. 7(b) indicate that 
there are deviations from this ideal. Recall that active inten- 
sity corresponds to local transport of energy. This occurs to a 
small extent in the form of sound emitted from the SWC. In 
addition, viscous and thermal relaxation losses in the acous- 
tic boundary layer, near the tube wall, contribute to the pres- 
ence of active intensity. Energy transport may also occur 
through flexure-induced dissipation in the acrylic walls of 
the SWC. Limitations in the extent to which the phase dif- 
ference between the hydrophones can be removed from their 
measurements is another source of error. 

Because the random error in a spectrum level is in- 
versely proportional to the square root of the number of 
spectral averages, the random error in the intensity mea- 
surements given here (with 256 averages) is ±0.3 dB. 

B. Velocity gradient technique 

The procedure for measuring intensity with the u-u 
probe is analogous to that of the p-p measurement. This mea- 
surement employs the same sensors, instrumentation, and 
SWC. Equations (28) and (29) are again used to compute 
intensity; however, the calibration procedure must be sepa- 
rate from the measurement of intensity. The results of the 
u-u intensity measurement are presented in Fig. 8. Note that 
both the calibration procedure and intensity measurement oc- 
curred at the same location in the SWC. 

As in the p-p measurements in Fig. 7(b). the phase be- 
tween pressure and velocity exhibits some deviations from 
90°. The extent to which the phase difference between the 
hydrophones cannot be removed significantly contributes to 
these deviations. The lack of coherence between the indi- 
vidual velocity sensors and their reference hydrophones at 
certain frequencies is the most significant source of these 
phase deviations. This lack of coherence results from pres- 
ence of standing-waves: at any location in the SWC, there 
exist frequencies at which either the pressure or velocity is 
approximately zero. The accuracy of the calibration and sub- 
sequent measurements is diminished at these frequencies. 

Figure 9 illustrates the various coherence functions be- 
tween pairs of sensors during the calibration. Cross referenc- 
ing these plots yields a great deal of information about the 
standing-wave nature of the SWC. The frequencies of 300 
Hz and 560 Hz are antiresonance frequencies of the SWC. 
These are the frequencies at which the most energy must be 
input to produce a constant level of acoustic pressure (at a 
given location) in the system. The coherence functions of 
several sensor pairs have an extremely low value at these 
antiresonance frequencies. Further, the frequency range for 
which the calibration has validity is limited by the overlap- 
ping drop-outs in coherence at 560 Hz and 670 Hz. 

A comparison of the intensity levels of Figs. 7(a) and 
8(a) shows excellent agreement between the p-p and u-u 
techniques. This agreement is not conclusive proof that the 
u-u probe functions properly, because the transducers used 
in the former measurement served as the reference transduc- 
ers in the latter; however, it certainly is supporting evidence. 

C. Pressure-velocity technique 

An independent method to verify that the U-H probe 
properly measures acoustic intensity is now discussed. A 
measurement was performed using a well calibrated under- 
water acoustic intensity probe on loan from Acoustech 
Corporation.26 This sensor is called a p-u probe,6-7 because it 
measures both pressure and velocity directly. Accordingly, 
the p-u probe does not suffer from the finite difference er- 
rors that affect the accuracy of the other intensity transducers 
used in this investigation. 

The signal processing required to measure intensity with 
the p-u probe is surprisingly simple. By definition, intensity 
is the cross-spectrum of pressure and velocity. Consequently, 
the sensor output voltages are adjusted by their measured 
sensitivities to obtain direct measures of the acoustic quanti- 
ties. The cross-spectrum of pressure and velocity is com- 
puted and then separated into real and imaginary parts. The 
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FIG. 10. Intensity and pressure-velocity phase in the SWC. as measured by 
the p-u intensity probe at a depth of 20 cm. The peak at 60 Hz is due to 
EMI. and Iref is 10" nlpc W/nr. 

resulting data appear in Fig. 10. Note that the phase between 
pressure and velocity, as computed by the p-u probe, is al- 
most a perfect 90° over the entire frequency range of interest 
The reactive intensity levels are very similar to those of Figs. 
7(a) and 8(a), except at the antiresonance frequencies. The 
active intensity levels do not compare well for reasons dis- 
cussed in the next section. 

V. SUMMARY AND CONCLUSIONS 

A new technique for measuring underwater acoustic in- 
tensity has been presented. The theory to infer acoustic pres- 
sure from a velocity gradient was derived. It was shown that 
in a typical acoustic field, six velocity sensors (to measure 
three velocity gradients) are required for the measurement of 
the three components of acoustic intensity. In a single di- 
mensional acoustic field, measurement of the acoustic veloc- 
ity gradient was accomplished using two neutrally buoyant 
bodies with imbedded velocity sensors (geophones). Active 
intensity was shown to be proportional to the imaginary part 
of the cross-spectrum between the velocity sensors, while 
reactive intensity was proportional to the difference of their 
auto-spectra. 

The suspension system of the neutrally buoyant body 
maintains their proper coaxial orientation and simplifies the 
mounting of the probe. This suspension does not adversely 
affect measurement quality in the frequency range of inter- 
est, from 28 Hz to 800 Hz. The lower limit is imposed by the 
resonance frequency of the geophones. 

The geometry of the u-u intensity probe gave rise to 
potential undesirable interaction between the two sensor bod- 
ies. However, when the probe was subjected to an effective 
150 dB SPL field, the total coupling between the bodies was 
shown to be negligible. 

A facility to calibrate the u-u intensity probe has been 
designed and constructed. Termed the slow wave calibrator 
(SWC). this device is essentially an acoustic standing-wave 
guide. The elastic walls of the SWC lower the longitudinal 
phase speed of sound from the bulk speed of 1480 m/s to 

(358±5) m/s. The acoustic wavefronts in the SWC have a 
cross-section that is planar within 1 dB. Thus sensors located 
at coincident depths are subjected to the same acoustic field. 

The u-u probe calibration procedure is based on only 
one assumption: that the free surface of the calibrator is an 
ideal pressure-release surface. This assumption implies that 
the phase between pressure and velocity in the SWC is ex- 
actly 90°. A relative calibration of the u-u probe's velocity 
sensor bodies with pressure hydrophones was therefore pos- 
sible. 

To verify that the two reference hydrophones are phase 
matched accurately enough to provide a reliable u-u probe 
calibration, a p-p intensity measurement was made using the 
hydrophones. The intensity levels measured by the u-u probe 
differ only slightly from those measured by the p-p probe. 

Differences in level are attributed both to the numerous 
pressure and velocity nulls present in the SWC, and to the 
antiresonances of the SWC itself. With the exception of 
these frequencies, the level of the reactive intensity measured 
by the u-u probe matches that of a p-u probe within 6 dB. 
This is consistent with the findings of Gabrielson et al.1 in 
which a 10 dB difference existed between measurements 
made by p-u and finite differencing p-p probes in a reactive 
field. 

The u-u probe's acoustic intensity measurement meth- 
odology is viable. Measurements of reactive intensity require 
subtracting two nearly equal signals, which the u-u intensity 
probe does fairly accurately in the reactive field of the SWC. 
On the other hand, measurements of active intensity in a 
highly reactive field using a finite differencing technique, 
such as a p-p or u-u probe, are difficult to perform accu- 
rately. Figures 8(a) and 10(a) show a 20 dB difference in the 
active intensity levels measured by the u-u and p-u probes. 
Figure 7(a) indicates that this difference is associated either 
with the reference transducer phase matching, or the finite 
difference approximation employed by both the p-p and u-u 
probes. In future applications, the p-u probe is recom- 
mended. 
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Abstract: The turbulent boundary layer that forms downstream of a surface 
discontinuity is locally inhomogeneous. Here, we consider the boundary layer 
that occurs downstream of a rearward facing step discontinuity on a flat plate 
that is exposed to a zero incidence, uniform subsonic flow. The wall pressure 
"point" spectra are measured by small, flush-mounted pressure transducers 
located at various locations downstream of the step. A new form of the non- 
dimensional point wall pressure auto-frequency spectrum is proposed that 
includes the statistical variations of the reattachment location. This form is 
shown to collapse quite well all of the spectra measured slightly upstream 
within, and downstream of the flow reattachment location. 
©1999 Acoustical Society of America 
PACS numbers: 43.50.Nm, 43.28.Ra, 43.50 Yw 

1. Introduction 

Flow over a rearward facing step is characterized as a discontinuous boundary-layer flow over 
a surface in which the elevation of the downstream surface is lower than that of the upstream 
surface. Lap-joints and cutouts on surfaces exposed to flow are examples. The assumed 
upstream turbulent boundary layer will separate at the step discontinuity forming a free shear 
layer and a local recirculation zone immediately downstream of the step. The shear layer 
eventually reattaches to the downstream surface, and a new highly energized turbulent boundary 
layer begins to form. This process produces wall pressure fluctuations that are significantly 
higher than those created by nonseparated, equilibrium turbulent boundary layers. In turn, this 
increases the direct flow-induced noise radiation and nonrigid surface vibrations that radiate as 
structural vibration-induced noise. 

The scaling of the wall pressure point power spectrum under an equilibrium turbulent 
boundary layer (TBL) has been subdivided into major regions.1 Each region conforms to 
different layers of the flow and has a particular pressure and time scale. The rms pressure 
fluctuations within the viscous sublayer, for example, scale on the wall shear stress and the 
viscous time scale. The convecting turbulence in the log-law region causes these pressures to 
scale on the wall shear stress and a larger time scale that is related to the TBL thickness and shear 
velocity. The region beyond the log-law region is termed the outer boundary layer. Here, the 
low-frequency pressure fluctuations scale on the dynamic pressure of the flow, q = l/2p0U0

2, and 
on the time scale 87U0, where 6* is the TBL displacement thickness, p0 is the fluid mean density, 
and U0 is the free stream velocity. The higher frequencies scale on viscous variables. 

Each region of the TBL influences a different range of frequencies of the point wall 
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pressure spectrum. The regions beyond the log-law region influence the lower and mid 
frequencies, whereas the log-law region influences the "overlapping" frequencies between the 
mid and high frequency range. The region of the viscous sublayer influences the high 
frequencies. These different scalings are still open to discussion2 because of the complexity in 
modeling a TBL. 

In this study, we consider the scaling of the point wall pressure spectrum downstream 
of a surface step discontinuity, which is more complex than that of a typical nonseparating TBL 
on a flat plate under zero pressure gradient conditions because of additional length scales, 
nonhomogeneous flow statistics, and reversed flow patterns. An experiment to characterize the 
statistics of the wall pressure fluctuations that occur downstream of a rearward facing, 2-D step 
on a flat plate has been conducted. Presented are scaling relationships that can be used to predict 
the auto-spectral characteristics of the wall pressure fluctuations for similar situations in which 
experimental data are unavailable. It is found that the spectra scale on the height of the step, the 
mean velocity upstream of the separation point, and on the variance of the estimated distance 
from the reattachment point-to-the point of measurement. By incorporating the variance between 
a fixed measurement location (or point of interest) and the reattachment point, which is known 
to be chaotic, a useful scaling law is established that has no singularity3 when the measurement 
location happens to correspond to the reattachment location. This scaling relationship is different 
from earlier proposals4'5 for a similar flow, and provides a better collapse of the experimentally 
measured spectra. 

2. Experimental setup 

A special facility was designed and used in a large anechoic chamber to measure the local wall 
pressure fluctuations and radiated sound from the flow over a rearward-facing step located on 
an otherwise flat, 2-D plate that supports a TBL on one side only. Figure 1 shows a schematic 
of the experiment, and the facility is described in complete detail elsewhere.6 

INFLECTIONAL  PROFILE  AT  SEPARATION 

INFLOW 
BOUNDARY 
LAYER /        / /   SOUND RADIATION DUE TO 

3E 
FLOW AND STRUCTURE 

REARWARD 
STEP 

^SEPARATION 
ZONE 

SOUND   RADIATION 
DUE  TO STRUCTURE 
(FOR HIGH TL MATERIAL) 

Fig. 1. Schematic of boundary-layer separation over a rearward-facing step. The inflow is from a 
convergent jet impinging on a 2-D flat plate that supports a TBL. 

The flush-mounted pressure transducers are composed of B&K model 4165 (1.27 cm 
dia) microphones and supporting model 2639 preamplifiers powered by model 2087 power 
supplies. They are interfaced with the flow surface by a reduced area tube of 1.09 mm inside 
diameter and 5.7 mm in length. A cavity exists between the diaphragm of the microphone and 
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the inlet to the tube. It causes a microphone resonant response centered at 1 kHz. The peak 
response is 12 dB above the nominal free-field response of the microphone, and the half-power 
bandwidth of the resonance is -200 Hz. 

3. Flow reattachment 

It is crucial to understand the fluid mechanics of the flow reattachment region to interpret the 
measured fluctuating wall pressure statistics. This can be accomplished conveniently by flow 
visualization. Figure 2 shows the flow pattern in the reattachment zone on the lower plate. This 
has been determined by photographing flourescent mini-tufts under black light conditions. The 
tufts are secured to the plate surface using cyanoacrylate adhesive. The flow direction and 
"steadiness" is indicated by the orientation and "blurriness," respectively of the individual tufts. 
One can see tufts aligned with the flow direction downstream of reattachment and regions of 
reversed flow upstream of the reattachment zone. Of particular interest is the overall width of 
this zone, identified by the band of tufts that have random orientations. Upon studying many 
different flow visualizations like this, under various velocity conditions, the reattachment 
location is clearly identified as a random variable with a mean value, xr, that is weakly dependent 
on flow speed being proportional to U0°'. The variation of the reattachment location, 
\ , is also determined from these data and is found to be proportional to U0°5. 

Fig. 2. An 8-s exposure of the mini-tufts exposed to 25 m/s mean flow 
velocity. The step is the vertical light line seen at the left. 

4. Wall pressure fluctuations in reattachment region 

The tube microphone was mounted at many streamwise locations along the centerline of the test 
plate. The signals were collected and analyzed using a Zonic System 7000 digital signal 
processor that was controlled by a Digital Equipment Corporation VAX Station 3100 m3 8. The 
spectral bandwidth is typically 3.125 Hz. Sufficient spectral averages were used to reduce 
random error to within ±1 dB. Figure 3 shows the variation of root-mean-square wall pressure 
through the reattachment region. The peak rms level is high; it is only 24 dB below the dynamic 
head of the flow. It is seen to occur from 7 to 8 step heights downstream of the step. 

The mean position of the flow reattachment region occurs at approximately 6 step 
heights downstream. Figure 4 shows the details of these variations with flow speed. The 
location of peak rms wall pressure is a short distance downstream of the mean position of flow 
reattachment. This difference is possibly due to the short lag time required for the new TBL to 
form and generate pressure producing velocity fluctuations. 
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Fig. 3. Variation of rms wall pressure fluctuations with streamwise 
distance at different speeds. 
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Fig. 4. Position of reattachment compared to the peak value of the 
rms wall pressure fluctuation. 

The wall pressure spectral measurements were performed over extensive ranges of flow 
velocity (7.82 <. U0 <; 25.1 m/s) and streamwise location (3.0s x/h <. 24.38). The various types 
of TBL wall pressure spectrum scaling1,4,5 were considered in an unsuccessful attempt to collapse 
the current spectral data into a single, reasonably well-bounded, universal function. Thus, 
traditional spectral normalization methods appear to be inappropriate for the pressure fluctuations 

occurring downstream of a step discontinuity. As noted previously,3 and also from the data of 
Fig. 3, we recognize that on both sides of the mean reattachment location, the mean-square wall 
pressure decreases approximately as |jr-jcr|"'. This means that the spectral amplitude should be 
weighted by such a factor to compare spectra measured at various locations. The dependence 
of the spectral magnitude on velocity is found to be satisfied by the outer (inertial) flow scaling 
typical of TBLs, i.e., spectrum level is proportional to q2. The time scale h/U0 appears to be a 
more appropriate scale than 57U0. Physically, this means that the time scale of the wall pressure 
fluctuations is similar to that of the separation-induced vortex. 

Now, Figs. 2 and 4 indicate that the reattachment location is chaotic; therefore, it must 
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be treated as a random variable. To use |x-xr\"' directly in a scaling formula without taking this 
fact into account will result in a singularity when the measurement point equals xr. To overcome 
this problem we define: 

rj2   =   I7Ur-r\1-\   -   fv-?12 
V2 = E[(x-xr)

2] = (x-xry+ a/ , .  (1) 

where E[ ] represents the expected value operation performed over N » 1 individual records. 
The mean and variance terms of this expression are shown in Fig. 4. The new scaling 
formulation for the spectra, G^ff). of the turbulent wall pressure fluctuations that occur at most 
locations downstream of a rearward facing step on a flat plate that supports a TBL and at any 
subsonic velocity is given by: 

GPPV) V U0 fh 

a2 h2 UB 
() 

Using Eq. (2), point power spectral densities measured at locations slightly upstream, 
near, and downstream of xr are nondimensionalized and presented for the considered range of 
velocities in Fig. 5. The collapse of these measured spectra into a single, well defined function 
is seen to be quite good. The variations for 1.5 < fh/U0 < 3 are due to the microphone tube 
resonance. We note that the definition of *P assumes that the data shown in Fig. 3 are symmetric 
about the peak. This is strictly not the case, so the scaling is less valid for locations upstream of 
reattachment that are in the recirculation region. The spectra of Fig. 5 for x/h = 3.05 are 
measured as far upstream from xr as the scaling appears to apply.6 Equation (2) is actually most 
valid for locations that are within and farther downstream of the reattachment zone where the 
pressure fluctuations are created by energized boundary layer turbulence. In the recirculation 
zone, there is essentially no near-wall region of the boundary layer, thus, there would be less 
high-frequency pressure fluctuations created there. This statement is supported when comparing 
the spectra of Fig. 5 for x/h = 3.05 with those for x/h = 6.10 and 12.19. The spectral levels 
measured just upstream of xr are some 11 to 15 dB lower than those measured within and 
downstream of xr for fh/U0 s 1. 

5. Conclusions 

The rms wall pressure fluctuations measured downstream of a rearward facing step discontinuity 
on a flat plate that supports a turbulent boundary layer are found to scale on the dynamic head 
of the flow, and to peak slightly downstream of the mean position of flow reattachment. The 
spectra of these fluctuations are found to be proportional to the inertia! scales of the separated 
flow in addition to the statistical parameters describing the location of flow reattachment, which 
is a random variable. The scaling is most accurate within and downstream of the separation 
reattachment mean location. Upstream in the recirculation zone, the absence of any substantial 
near-wall turbulence results in pressure fluctuations that are quite low at high frequencies. 
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x/h = 3.05 

Fig.5. Dimensionless point power spectra of the local wall pressure 
fluctuations measured upstream (x/h = 3.05), near (x/h = 6.10), and 
downstream (x/h =12.19) of the mean position of flow 
reattachment. The range of velocities for these measurements is 
from 7.82 to 25.1 m/s, and the step height, h - 2.5 cm. 
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Abstract - For most PZT based piezoelectric materials, the 
shear mode electromechanical coupling constant is twice 
as large as the transverse mode coupling. In this study, a 
new disk type piezoelectric transformer was designed. 
Crescent shape electrodes at the input side and focused 
poling direction at the output side on a commercially 
available PZT disk were designed so that the planar and 
shear mode electromechanical coupling factors becomes 
effective rather than the transverse mode coupling. ATILA 
finite element code was used to analyze transformer 
behavior and to optimize electrode and poling 
configurations. The voltage step-up ratio of the proposed 
transformer has been dramatically improved in comparison 
with an equivalent rectangular type. A single layer 
prototype transformer 25.4mm in diameter and 1.0mm in 
thickness, operated at 93 kHz, was fabricated and its 
characteristics, such as step-up ratio, power transformation 
efficiency and temperature rise were measured. 

Introduction 

One of the bulkiest components in information 
processing equipment (such as note-book-type personal 
computers) is the power supply, specifically the 
electromagnetic transformer used in power supply. 
Losses such as skin effect, thin wire loss and core loss of 
the electromagnetic transformer increase rapidly as the size 
of the transformer is reduced. Therefore, it is difficult to 
realize miniature low profile electromagnetic transformers 
with high efficiency. 

The original design to transform an input ac voltage 
to step up or step down, using converse and direct 
piezoelectric properties of ceramic materials, was proposed 
by Rosen [1]. The principle of this type of transformer is 
to excite a piezoelectric element at its mechanical 
resonance frequency (Fig. 1). Applying an electrical input 
to one part of the piezoelectric element generates a 
mechanical vibration and then the mechanical vibration is 
converted into electrical voltage from the other part of the 
piezoelectric plate. 

The initial Rosen type transformer had a major 
reliability problem, which is the easy mechanical 
breakdown at the center position due to the coincidence of 
the residual stress concentration and the vibration nodal 

point. In addition to improved mechanically tough ceramic 
materials, by redesigning the electrode configuration and 
exciting a third longitudinal resonance mode of the 
rectangular plate, the piezoelectric transformers for 
miniaturized back-light inverter was commercialized in 
1994 [2]. 

In addition to no electromagnetic noise generation, 
small size and high efficiency are some of the advantages 
of the piezoelectric transformers over the electromagnetic 
types particularly for computer applications. 

All the rectangular type transformers use the 
transverse mode coupling constant (k3i) of the piezoelectric 
materials [1-3]. For most piezoelectric materials, however, 
the shear mode coupling constant (ki5) is twice as large as 
the transverse mode coupling constant (k3i). From this 
motivation, a new circular piezoelectric transformer is 
designed that uses the shear (kl5) and the planar (kp) mode 
coupling constants of the piezoelectric effects (Fig 2). The 
transformer is operating at the first radial resonance 
frequency of the piezoelectric disk. In this paper, the 
operating principles, FEA models and preliminary 
experimental results are introduced. 

VI tt 

Fig. 1 a) Transverse type piezoelectric transformer (arrows 
indicate polarization direction), b) Stress/strain and 
displacement distribution at first longitudinal resonance 
mode. 

Circular Piezoelectric Transformer Design 

In a piezoelectric ceramic transformer for high 
voltage inverter application, the excitation voltage is 
powered by a battery source of 12 volts.   Therefore, the 



step-up ratio of the transformer needs to be high for the 
inverter application. Using a laminated structure in the 
input part is one way to increase the step-up ratio. 
However, this increases the cost and decreases the 
efficiency of a transformer due to lamination. 

The proposed transformer, which was made of a 
single layered piezoelectric ceramic disk, has a crescent 
shaped asymmetric primary electrode on one side of a 
piezoelectric disk and a secondary electrode on the other 
side of the unelectroded section. The arrows in the figure 
denote the polarization direction of the piezoelectric 
ceramic disk. This piezoelectric transformer uses the planar 
mode electromechanical coupling constant (kp) effectively 
in the input side and shear mode coupling constant (kJ5) in 
the output side. For inverter applications the transformer 
operates at the radial mode resonance frequency of the 
piezoelectric disk. 

Vi t tf «= 
Vo 

b) 

Fig. 2 Structure of the transformer and its poling direction 
a) Top view, b) cross-sectional view (A-A) 

hü&mmps 

b) 

Fig. 3 a) Displacement shape of the transformer at 87.5 
kHz, b) Potential field in the transformer at 87.5 kHz (FEM 
calculation using ATILA). 

Experimental Results 

The behavior of the transformer was modeled using 
ATELA finite element analysis code. The potential field 
and mode shapes at the radial mode resonance are shown 
in Fig 3. Since the input electrode configuration is 
asymmetric, the mode shape is not purely radial but 
slightly distorted. 

The optimized transformer structure is made of a 
single layered piezoelectric ceramic disk. The operating 
frequency is under 100 kHz, which is required for the 
back-lights of a color liquid crystal display (LCD), and the 
step-up ratio of the transformer is less sensitive to the load 
resistance as compared to our previous design [4]. 

The transformer structure shown in Fig. 2 was 
fabricated using a commercially available piezoelectric 
ceramic material (APC International, USA). Hard 
piezoelectric ceramic disks (APC841) of 25.4 mm in 
diameter and 1.0 mm in thickness were sputtered with 
platinum electrodes according to the proposed electrode 
configuration. The transformer input and output sections 
were poled by applying a DC voltage of 3.0 kV/mm at 150 
°C across the input and output electrical terminals. 

In order to identify the operating frequency of the 
transformer, the input (output terminal open-circuited) and 
output admittance spectra were measured and the results 
are shown in Fig. 4a and b. The best performance was 



obtained when the transformer was driven at its radial 
mode resonance frequency (92.8 kHz). 
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Fig. 5 Step-up ratio and efficiency as a function of load 
resistance. 
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Fig. 4 a) Measured input admittance spectrum. Magnitude 
and Phase when output electrode is open-circuited to the 
ground, b) Measured output admittance spectrum. 
Magnitude and Phase when input electrodes are short- 
circuited to the ground. 

The transformer voltage step-up ratio and efficiency 
were measured for different resistive loads and the results 
are shown in Fig. 5. The output power on the resistive 
loads was 0.5 Watt and the transformer was driven around 
92.8 kHz. The operating frequency and driving voltage of 
the transformer were tuned during the efficiency 
measurement so that the maximum efficiency could be 
obtained for different resistive load conditions. The 
efficiency for a resistive load ranging from 50 to 200 kfll is 
more than 90 %. For the same range of load resistance the 
voltage step-up ratio was increased from 43 to 60. 

Fig. 6 shows the vibration velocity and displacement 
in the radial direction as a function of input voltage. This 
measurement was performed using a Finer Optic 
Interferometer system (OFV-511 and OVF 3001, Polytec 
PI). A resistive load of 103 kfl was connected to the 
output terminal of the piezoelectric transformer. 

Fig. 6 Magnitude of vibration velocity and displacement in 
the radial direction as a function of input voltage. 

Fig. 7 shows the output voltage and power of the 
piezoelectric transformer as a function of input voltage for 
a resistive load of 103 kQ. The output voltage and power 
increases fairly linearly for a 103 kO resistive load for the 
input voltage range from 4 to 60V. 
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The input and output voltage waveform of the 
transformer when driving a Cold Cathode Fluorescent 
Lamp (CCFL) is shown in Fig. 8.    These preliminary 



results state that the designed transformer can generate 
enough step-up ratio and power to light up the cold cathode 
fluorescent lamps (CCFL) for back-lights of a color liquid 
crystal displays (LCD) when it is operated at the radial 
resonance frequency. 
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Fig. 8 Input and output voltage waveforms of the 
transformer when it drives a Cold Cathode Fluorescent 
Lamp (CCFL). 

Conclusion 

A circular type piezoelectric transformer design was 
proposed using commercially available hard piezoelectric 
disks (APC841). Non-concentric input electrodes and non- 
uniform output poling led to the use of the shear mode 
piezoelectric effect at the radial mode resonance 
frequencies. A prototype single-layered transformer of 
25.4 mm diameter and a 1.0 mm thickness, operating 
around 93 kHz, was fabricated and its characteristics were 
measured. 

The designed transformer was investigated for high 
voltage inverter applications. It can generate a large 
enough step-up ratio and power to light up the CCFL for 
back-lights of color liquid crystal displays (LCD). An 
intriguing application of this design, in addition to the 
conventional, will be for a buffer element to drive 
ultrasonic motors by tailoring the transformer size to match 
the driving frequency to the motor, which may eliminate a 
bulky and expensive high voltage power amplifier. 
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Abstract 

For most PZT based piezoelectric materials the shear mode coupling constant is twice as 
large as the transverse mode coupling. From this motivation, a new circular 
piezoelectric transformer was designed. Non-concentric input electrodes and non- 
uniform output poling lead to the usage of shear mode piezoelectric effect at (3,0) radial 
mode resonance frequency. A prototype three layered transformer with 25.4-mm in 
diameter and 1.5 mm in thickness, operating at 153 kHz, was fabricated and its 
characteristics were measured. Characteristics, such as efficiency, step-up ratio and 
temperature rise of the proposed transformer are presented. 

1.    Introduction 

One of the bulkiest components in information processing equipment (such as note- 
book-type personal computers) is the power supply, specifically the electromagnetic 
transformer used in power supply.   Losses such as skin effect, thin wire loss and core 
loss of the electromagnetic transformer increase rapidly as the size of the transformer is 
reduced.   Therefore, it is difficult to realize miniature low profile electromagnetic 
transformers with high efficiency. 

High efficiency, small size, no electromagnetic noise are some of the attractive features 
of piezoelectric transformers making them more suitable for miniaturized power inverter 
elements such as lighting up the cold cathode fluorescent lamp (CCFL) behind a color 
liquid crystal displays (LCD) or generating high voltage for air-cleaners. 

The original design to transform an input ac voltage to step up or step down using 
converse and direct piezoelectric properties of ceramic materials was proposed by Rosen 
[1]. The principle of this type of transformer is to excite a piezoelectric element (Figure 
1) at its mechanical resonance frequency. Applying an electrical input to one part of the 
piezoelectric element generates a mechanical vibration and then this mechanical 
vibration is converted into electrical voltage from the other part of the piezoelectric 
plate. 
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The initial Rosen type transformer had major reliability problem, which is the easy 
mechanical breakdown at the center position due to the coincidence of the residual stress 
concentration and the vibration nodal point. In addition to improved mechanically 
tough ceramic materials, by redesigning the electrode configuration and exciting a third 
longitudinal resonance mode of the rectangular plate, the piezoelectric transformer 
shown in Figure 2a was commercialized by NEC in 1994 for miniaturized back-light 
inverter to light up the cold cathode fluorescent lamp (CCFL) behind a color liquid 
crystal displays (LCD) [2]. 

a) 

Figure 1. a) Rosen type piezoelectric transformer, b) Stress/strain and displacement distribution at 
first longitudinal resonance mode. 

Another third mode transformer shown in Figure 2b was commercialized, recently, by 
Mitsui-Sekka to use it also for miniaturized power inverter element [3]. In addition to 
no electromagnetic noise generation, small size and high efficiency are some of the 
advantages of the piezoelectric transformers over the electromagnetic types particularly 
for computer applications. 

The third mode transformers have some advantages over original Rosen type first mode 
transformer, such as follows: 
i) for the third mode transformer, stress concentration on the bar is separated into three 
different points which makes the transformer mechanically stronger. The electric field 
and stress concentration are not at the same point on the piezoelectric bar, while for the 
first mode transformer, the maximum stress and nodal point are at the center of the 
piezoelectric bar that makes the transformer mechanically weaker. This is the major 
problem of the first mode transformer. Moreover, in order to get higher efficiency the 
transformer has to be clamped only at a nodal point. Because the third mode 
transformers have three nodal points on the bar,   they can be clamped at two points 
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easily without affecting the vibration modes. Therefore, third mode transformers can be 
packaged more safely. 
ii)    the third mode transformers are more efficient (96%) than the first mode 
transformers (90 %). 
iii) impedance matching of the third mode transformer with CCFL is better than the 
first mode transformer. 

Displacement 
b) 

Stress/Strain 

c) 

Figure 2.   Structures of the third mode piezoelectric transformers, proposed by (a) NEC, (b) Mitsui-Sekka, 
(c) stress/strain and displacement distribution. 

For most PZT based piezoelectric materials, the shear mode coupling constant is twice 
as large as the transverse mode coupling. From this motivation, a new disk type 
piezoelectric transformer was designed and it will be introduced in the following 
section. 



378 

2.    Disk Type Piezoelectric Transformer 

All the rectangular type transformers explained in the previous section are using the 
transverse mode coupling constant (k3ö of the piezoelectric materials. For most 
piezoelectric materials, however, the shear mode coupling constant (k15) is twice as 
large as the transverse mode coupling constant (k3i). From this motivation, we designed 
a new circular piezoelectric transformer, which uses shear (ki5) or planar (kp) mode 
coupling constants of the piezoelectric effect (Fig 3). The transformer is operating at the 
third radial resonance frequency of the piezoelectric disk. 

Figure 3. Newly designed circular type piezoelectric transformer structure. 

The behavior of the transformer was modeled using ATILA finite element software. The 
fundamental and third harmonic mode shapes and potential fields are shown in Figures 4 
and 5. When the transformer is driven at the first radial resonance frequency it uses 
planar mode coupling constant effectively.   If the transformer is driven at the third 
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harmonic radial frequency, it uses shear mode coupling coefficient. This can be seen 
from the mode shape and potential field shown in Figure 5. 
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Figure 4.   First mode potential field and displacement shape of the circular transformer (67 kHz FEM 
calculations using ATILAC ). 
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Figure 5. Third mode potential field and displacement shape of the circular transformer (152 kHz FEM 
calculations using ATILA0). 

3.     Experimental 

The transformer structure shown in Figure 4 was fabricated using commercially 
available piezoelectric ceramic material (APC International, USA). Hard piezoelectric 
ceramic disks 25.4 mm in diameter and 0.5 mm in thickness were sputtered with 
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platinum electrodes according to the proposed electrode configuration. The transformer 
was subjected to a polarization treatment by applying a DC voltage of 3.0 kV/mm at 
150 °C across the input and output electrical terminals.   Three identical single layer 
transformers were then stacked using adhesive epoxy as the last step of the fabrication 
process. 

In order to clarify the operating frequency of the transformer, the input (output terminal 
open-circuited) and output admittance spectra were measured and the results are shown 
in Figure 6. The possible operating frequencies of the transformer are first three radial 
mode resonance frequencies of which both input and output terminals can excite. The 
best performance was obtained when the transformer was driven at the third mode 
resonance frequency. 
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Figure 6. Input and output admittance spectrum. 

The transformer low field voltage step-up ratio and efficiency were measured for 
different resistive loads and the results are shown in Figure 7. The output power on the 
resistive loads was 1.5 Watts and the transformer was driven around 153 kHz. When 
measuring the efficiency, the operating frequency of the transformer was tuned so that 
the maximum efficiency could be obtained for different resistive loads. The efficiency 
for a resistive load ranging from 100 to 1200 kQ is found to be around 90 %. For the 
same range of load resistance, the voltage step up ratio was increased from 70 to 320. 
These primary results clearly indicate that the proposed transformer can realize a step up 
ratio and power high enough to light up the cold cathode fluorescent lamp (CCFL) for 
back-lights in color liquid crystal displays (LCD) when it is operated at the third mode 
resonance frequency. 
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Figure 7. Step-up ratio and efficiency as a function of load resistance. 

Figure 8 shows the output/input voltage step-up ratio and temperature rise of the 
piezoelectric transformer with variable output power for a constant resistive load of 110 
k£l Temperature rise for a 110 kT2 resistive load is not significant up to 10 Watts of 
output power. When the output power is further increased, the temperature of the 
transformer was observed to increase by more than 80 °C from room temperature. The 
transformer step-up ratio, however, decreased gradually from 100 to 70 for the same 
load condition. 
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Figure 8. Step-up Ratio and Temperature rise as a function of output power on a resistive load. 
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4.    Conclusions 

A new disk type piezoelectric transformer design was proposed using three layered 
commercially available hard piezoelectric disks. Non-concentric input electrodes and 
non-uniform output poling lead to the usage of shear mode piezoelectric effect at (3,0) 
radial mode resonance frequency. A prototype three layered transformer of 25.4-mm in 
diameter and 1.5 mm in thickness, operating at 153 kHz, was fabricated and its 
characteristics were measured. The transformer can generate enough step-up ratio and 
power to light up CCFL for back-light of color liquid crystal displays (LCD) when it is 
operated at the third mode resonance frequency. 

Heat generation and step up ratio as a function of output power was also investigated. 
Temperature rise for a 110 kQ resistive load is not significant up to 10 Watts range of 
output power. When the output power was further increased the temperature of the 
transformer increased more than 80 °C from room temperature. The transformer step-up 
ratio however decreased gradually from 100 to 70 for the same load condition. 
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Abstract: 
In these several years, piezoelectric materials 

have bocome key components in smart 
actuator/sensor systems such as precision 
positioners, miniature ultrasonic motors and 
adaptive mechanical dampers. This paper reviews 
recent developments of piezoelectric and related 
ceramic actuators with particular focus on the 
improvement of actuator materials, device 
designs   and  applications. 

1. INTRODUCTION 

Piezoelectric actuators are forming a new field between 
electronic and structural ceramics [1-4]. Application fields are 
classified into three categories: posidoners, motors and 
vibradon suppressors. The manufacturing precision of 
optical instruments such as lasers and cameras, and the 
positioning accuracy for fabricating semiconductor chips, 
which must be adjusted using solid-state actuators, is of the 
order of 0.1 p.m. Regarding conventional electromagnetic 
motors, tiny motors smaller than 1 cm are often required in 
office or factory automation equipment and are rather difficult 
to produce with sufficient energy efficiency. Ultrasonic 
motors whose efficiency is insensitive to size are superior in 
the mini-motor area. Vibration suppression in space 
structures and military vehicles using piezoelectric actuators 
is also a promising technology. 

This article reviews recent developments of piezoelectric 
and related ceramics to smart actuator/sensor systems, 
including the improvement of actuator materials, design of 
the devices, and applications. 

2 CERAMIC ACTUATOR MATERIALS 

Recent four topics are reviewed here. 

2.1  Relaxor Single Crystal Transducers 
In 1981, we firsdy reported an enormously large 

electromechanical coupling factor k33 = 92 - 95% and 
piezoelectric constant d33 = 1500 pC/N in solid solution 
single crystals between relaxor and normal ferroelectrics, 
Pb(Zni/3Nb2/3)03-PbTi03 [5,6]. This discovery has not 
been marked for more than 10 years until high k materials 
have been paid attention in medical acoustics recently.  These 

date have been reconfirmed, and much more improved data 
were obtained recendy, aiming at medical acoustic 
applications [7,8]. The strains as large as 1.7% can be induced 
practically for a morphotropic phase boundary composition of 
the PZN-PT solid solution single crystals. It is notable that 
the highest values are observed for a rhombohedrai 
composition only when the single crystal is poled along the 
perovskite [001] axis, not along the [111] spontaneous 
polarization axis. 

2.2  Epitaxial  PZT  Films 
A series of theoretical calculations made on perovskite 

type ferroelectric crystals suggests that large d and k values in 
similar magnitudes to PZN-PT can also be expected in PZT. 
Crystal orientation dependence of piezoelectric properties was 
phenomenologically calculated for compositions around the 
morphotropic phase boundary of PZT [9]. The maximum 
longitudinal piezoelectric constant d33 (4 - 5 times 
enhancement) and electromechanical coupling factor IC33 
(more than 90 %) in the rhombohedrai composition were 

found to be at 57° and 51° angles, respectively, canted from 
the spontaneous polarization direction [111], which 
correspond roughly to the perovskite [100] axis. 

Figure 1 shows the principle of the enhancement in 
electromechanical couplings. Because the shear coupling di5 
is the highest in perovskite piezoelectric crystals, the applied 
filed should be canted from the  spontaneous polarization 
direction to obtain the maximum strain. 
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Fig.l    Principle of the enhancement in. electromechanical 
couplings. 
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We are demonstrating [001] oriented epitaxially grown 
thin/thick films using a rhomboherial PZT compostion, 
which are expected to enhance the effective piezoelectric 
constant by 4-5 times. 

2.3  Phase-Change  Materials 
Concerning the phase-change-related strains, polarization 

induction by switching from an antiferroelectric to a 
ferroelectric state, has been proposed [10]. Figure 2 shows 
the field-induced strain curves taken for the lead zirconate 
stannate based Pbo.99Nbo.02((ZrxSni-x)l-yTiy)o.98C>3 
system. The longitudinally induced strain reaches up to 
0.4%, which is larger than that expected in normal 
piezostrictors or electrostrictors. A rectangular-shape 
hysteresis in Fig.2 top, referred to as a "digital displacement 
transducer" because of the two on/off strain states, is 
interesting. Moreover, this field-induced transition exhibits a 
shape memory effect in appropriate compositions (Fig.2 
bottom). Once the ferroelectric phase has been induced, the 
material will "memorize" its ferroelectric state even under 
zero-field conditions, although it can be erased with the 
application of a small reverse bias field [11]. This shape 
memory ceramic is used in energy saving actuators. A 
latching relay is composed of a shape memory ceramic 
unimorph and a mechanical snap action switch, which is 
driven by a pulse voltage of 4ms. Compared with the 
conventional electromagnetic relays, the new relay is much 
simple and compact in structure with almost the same 
response time. 
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Fig.2 Field-induced strain curves for the lead zirconate 
stannate system Pbo.99Nbo.02((ZrxSni-x)l-yTiy)o.98°3- 
Top: x = 0.060, and bottom: x = 0.065. 

2.4   Photostrictive  Actuators 
A photostrictive actuator is  a  fine  example  of an 

intelligent material, incorporating "illumination sensing" and 

self production of "drive/control voltage" together with final 
"actuation." In certain ferroelectrics, a constant electromotive 
force is generated with exposure of light, and a photostrictive 
strain results from the coupling of this bulk photovoltaic 
effect to inverse piezoelectricity. A bimorph unit has been 
made from PLZT 3/52/48 ceramic doped with slight addition 
of tungsten [12]. The remnant polarization of one PLZT 
layer is parallel to the plate and in the direction opposite to 
that of the other plate. When a violet light is irradiated to 
one side of the PLZT bimorph, a photovoltage of 1 kV/mm 
is generated, causing a bending motion. The tip displacement 
of a 20mm bimorph 0.4mm in thickness was 150p.m. with a 
response time of 1 sec. 

A photo-driven micro walking device, designed to begin 
moving by light illumination, has been developed [13]. It is 
simple in structure, having neither lead wires nor electric 
circuitry, with. two bimorph legs fixed to a plastic board. 
When the legs are irradiated alternately with light, the device 
moves like an inch worm with a speed of lOOpm/min. 

In pursuit of thick film type photostrictive actuators for 
space structure applications, in collaboration with researchers 
at Jet Propulsion Laboratory we investigated the optimal 
range of sample thickness and surface roughness dependence 
of photostriction. We have found that 30 urn thick PLZT 
films exhibit the maximum photovoltaic phenomenon [14], 

3 ACTUATOR DESIGNS 

Two of the most popular actuator designs are multilayers 
and bimorphs. The multilayer, in which roughly 100 thin 
piezoelectric/electrostrictive ceramic sheets are stacked 
together, has advantages in low driving voltage (100V), quick 
response (lOpsec), high generative force (lOOkgf) and high 
electromechanical coupling. But the displacement in the 
range of 10nm is not sufficient for some applications. This 
contrasts with the bimorph, consisting of multiple 
piezoelectric and elastic plates bonded together to generate a 
large bending displacement of several hundred urn, but the 
response (1msec) and the generative force (lOOgf) are low. 

A multilayer actuator with interdigital internal electrodes 
has been developed by Tokin [15]. In contrast to the 
conventional electrode configuration, line electrodes are 
printed on piezoelectric green sheets, and are stacked so that 
alternationg electrode lines are displaced by one-half pitch (see 
Fig.3). This actuator generates motions at right angles to the 
stacking direction using the longitudinal piezoelectric effect. 
Long ceramic actuators up to 74 mm in length are 
manufactured. 

A three-dimensional positioning actuators with a stacked 
structure has been proposed by PI Ceramic (Fig.4), in which 
shear strain is utilized to generate x and y displacements [16]. 

A monomorph device has been developed to replace the 
conventional bimorphs, with simpler structure and 
manufacturing process. The principle is a superposed effect 
of piezoelectricity and semiconductiviry [17]. The contact 
between a semiconductor and a metal (Schottky barrier) 
causes non-uniform distribution of the electric field, even in a 
compositionally uniform ceramic.   Suppose that the ceramic 



possesses also piezoelectricity, only one side of a ceramic 
plate tends to contract, leading to a bending deformation in 
total. A monomorph plate with 30mm in length and 0.5 
mm in thickness can generate 200u.m tip displacement, in 
equal magnitude of that of the conventional bimorphs. The 
"rainbow" actuator by Aura Ceramics [18] is a modification 
of the above-mentioned semiconducdve piezoelectric 
monomorphs. where half of the piezoelectric plate is reduced 
so as to make a thick semiconductive electrode to cause a 
bend. 

Fig.3 Structure of an internal interdigital electrode actuator. 
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A composite actuator structure called the "moonie" has 
been developed at Penn State to provide characteristics 
intermediate between the multilayer and bimorph actuators; 
this transducer exhibits an order of magnitude larger 
displacement than the multilayer, and much larger generative 
force with quicker response than the bimorph [19,20]. Figure 
5 shows the displacement characteristics for a Moonie, a 
modified version, and a Cymbal. A Cymbal with a thickness 
1-2 mm and a diameter 12 mm can generate a displacement 
up to 100 urn. This new' compact actuator has been applied 
to make a miniaturized laser beam scanner. 

Moonie Grooved Moonie Cymbal 

Design of Endcap 

Fig.5   Comparison of the displacement levels for different 
designs of the endcap in Moonies/Cymbals. 

Table I    Difference in  the ceramic actuator developments 
among USA, Japan and Europe. 

OS. Japan Europe 

TARGET 

CATEGORY 

APPLICATION 
FIELD 

ACTUATOR 
SIZE 

MAJOR 
MANUFAC- 
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Military-oriented 
product 

Vibration 
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Space structure 
Military vehicle 

Mass-consumer 
product 

Micro-motor 
Positioner 

Lab-equipment 
product 

Micro-motor 
Positioner 
Vibration 

Up-sizing 
(30 cm) 

AVX/Kyocera 
Morgan Matroc 
ItekOpc Systems 
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AlliedSignal 
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Office equipment Lab stage/stepper 
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Hitachi Metal 
Mitsui Chemical 
Canon 
Seiko Instruments 

Siemens " 
Hoechst CeramTec 
Ferropenri 
Physik Instrumente 

Fig.4 3D controllable multilayer piezoelectric actuator. 



4 DEVICE APPLICATIONS 

Table I compares the difference in the ceramic actuator 
developments among USA, Japan and Europe. The details 
will be described in this section. 

4.1   USA 
The target of the development is mainly for military- 

oriented applications such as vibration suppression in space 
structures and military vehicles. Notice the up-sizing trend of 
the actuators for these purposes. 

A typical example is found in a space truss structure 
proposed by Jet Propulsion Laboratory [21]. A stacked PMN 
actuator was installed at each truss nodal point and functioned 
actively so that unnecessary mechanical vibration was 
suppressed immediately. A "hubble" telescope has also been 
proposed using multilayer PMN electrostrictive actuators to 
control the phase of the incident light wave in the field of 
optical information processing (Fig.6)[22]. The PMN 
electrostrictor provided superior adjustment of the telescope 
image because of negligible strain hysteresis. 

Passive dampler application is another smart usage of 
piezoelectrics. Mechanical noise vibration is radically 
suppressed by the converted electric energy dissipation 
through Joule heat when a suitable resistance, equal to an 
impedance of the piezoelectric element 1/coC, is connected to 
the piezo-element [23]. Piezoceramicxarbon black:polymer 
composites are promising useful designs for practical 
application. The damping time constant change with volume 
percentage of the carbon black, which determines the 
resistance. The minimum time constant (i.e. quickest 
damping) was obtained at 6 % of carbon black, where a 
drastic electric conductivity change was observed (percolation 
threshold) [24]. 
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Fig.6 Hubble telescope using PMN electrostrictive actuators. 

4.2 Japan 
Japanese industries seek to develop mass-consumer 

products, and the categories are only limited to mini-motor 
and positioner areas, aiming at the applications to office 

equipment and cameras/video cameras.   In that sense, tiny 
actuators smaller than 1cm are the main focus. 

A dot matrix printer is the first widely-commercialized 
product using ceramic actuators. Each character formed by 
such a printer is composed of a 24 x 24 dot matrix. A 
printing ribbon is subsequently impacted by a multiwire 
array. A sketch of the printer head appears in Fig.7(a) [25]. 
The printing element is composed of a multilayer 
piezoelectric device, in which 100 thin ceramic sheets 100|im 
in thickness are stacked, together with a sophisticated 
magnification mechanism (Fig.7(b)). The magnification unit 
is based on a monolithic hinged lever with a magnification of 
30, resulting in an amplified displacement of 0.5 mm and an 
energy transfer efficiency greater than 50%. A piezoelectric 
camera shutter is currently the largest production quantity 
item. A piece of piezoelectric bimorph can open and close 
the shutter in a milli-second through a mechanical wing 
mechanism [26]. Piezoelectric gyro-sensors are now widely 
used to detect the noise motion of a handy video camera. 
Figure 8 shows a Tokin's cylinder type gyroscope [27]. 
Among the 6 electrode strips, two of them are used to excite 
total vibration and the other two pairs of electrode are used to 
detect the Corioli's force or the rotational acceleration cause 
by the hand motion. By using the gyro signal, the image 
vibration can be compensated electrically on a monitor 
display. 
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Fig.7   Structure of a printer head (a), and a differential-type 
piezoelectric printer-head element (b). 
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Fig.8 Piezo-ceramic cylinder vibratory gyroscope. 



Efforts have been made to develop high-power ultrasonic 
vibrators as replacements for conventional electromagnetic 
motors. The ultrasonic motor is characterized by "low speed 
and high torque," which is contrasted with "high speed and 
low torque" of the electromagnetic motors. Two categories 
are being investigated in Japan for ultrasonic motors: a 
standing-wave type and a propagating-wave type. 

The standing-wave type is sometimes referred to as a 
vibratory-coupler type or a "woodpecker" type, where a 
vibratory piece is connected to a piezoelectric driver and the 
tip portion generates flat-elliptical movement. Attached to a 
rotor or a slider, the vibratory piece provides intermittent 
rotational torque or thrust. The standing-wave type has , in 
general, high efficiency, but lack of control in both clockwise 
and counterclockwise directions is a problem. An ultrasonic 
linear motor equipped with a multilayer piezoelectric actuator 
and fork-shaped metallic legs has been developed as shown in 
Fig.9 [28]. Since there is a slight difference in the 
mechanical resonance frequency between the two legs, the 
phase difference between the bending vibrations of both legs 
can be controlled by changing the drive frequency. The 
walking süder moves in a way similar to a horse using its 
fore and hind legs when trotting. A trial motor 20 x 20 x 5 

mm^ in dimension exhibited a maximum speed of 20 cm/s 
and a maximum thrust of 0.2 kgf with a maximum efficiency 
of 20%, when driven at 98kHz of 6V (actual power = 0.7 W). 
This motor has been employed in a precision X-Y stage. 

By comparison, the propagating-wave type (a surface- 
wave or "surfing" type) combines two standing waves with a 
90 degree phase difference both in time and in space, and is 
controllable in both rotational directions (Fig.10) [29]. By 
means of the traveling elastic wave induced by the thin 
piezoelectric ring, a ring-type slider in contact with the 
"rippled" surface of the elastic body bonded onto the 
piezoelectric is driven in both directions by exchanging the 
sine and cosine voltage inputs. Another advantage is its thin 
design, which makes it suitable for installation in cameras as 
an automatic focusing device. 80 % of the exchange lenses 
in Canon's "EOS" camera series have already been replaced by 
the ultrasonic motor mechanism. 
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Fig.10   Design of the surface wave type motor (a), and its 
electrode configuration (b). 

4.3  Europe 
Ceramic actuator development has started relatively 

recently in Europe, and the research topics diverges very 
widely. However, the current focus by major manufacturers 
is probably put on lab-equipment products such as lab-stages 
and steppers with sophisticatedly complicated structures. 

Figure 11 shows a walking piezo motor with 4 
multilayer actuators [30]. Shorter two are used to function as 
clamplers and longer two provide the proceeding distance in 
an inchwonn mechanism. 

Fig.9 Ultrasonic linear motor of a vibratory coupler type. 

Fig. 11 Walking piezo motor. 

5 FUTURE OF CERAMIC ACTUATORS 

5.1 Market of Piezoelectric Actuators 
20 years have passed since the intensive development of 

piezoelectric actuators began in Japan, then spreaded 
worldwidely. Presently, the focus has been shifted to 
practical device applications. 

The market in USA is limited to military and defense 
applications, and it is difficult to estimate the sales amount. 
The current needs from Navy are smart submarine skins. 



hydrophone actuators, prop noise cancellation etc., and smart 
aircraft skins from Air Force, while Army requires hilicopter 
rotor twisting, aeroservoelastic control and cabin noise/seat 
vibration cancellation. 

The European situation is still too early to calculate the 
market size, because most of the manufacturing is a 
prototyping stage sometimes under the government support. 

On the contrary in Japan, ink-jet printers (Epson), 
piezoelectric shutters (Minolta Camera) and automatic 
focusing mechanisms (Canon) in cemeras, dot-matrix printers 
(NEC) and part-feeders (Sanki) are now commercialized and 
mass-produced by tens of thousands of pieces per month. 
During the commercialization, new designs and drive-control 
techniques of the ceramic actuators have been mainly 
developed in the past few years. A number of patent 
disclosures have been found particularly in NEC, TOTO 
Corporation, Matsushita Electric, Brother Industry, Toyota 
Motors, Tokin, Hitachi Metal, Toshiba etc. 

5.2 Future Research Trend 
Future research trends will be divided into two ways: up- 

sizing in space structures and down-sizing in office 
equipment. Further down-sizing will also be required in 
medical diagnostic applications such as blood test kits and 
surgical catheters. Piezoelectric thin films campatible with 
silicon technology will be much focused in micro- 
electromechanical systems. An ultrasonic rotary motor as 
tiny as 2 mm in diameter fabricated on a silicon membrane is 
a good example [31]. 

One ceramic multilayer component actuator proposed by 
Mitsui Chemical is very suggestive for predicting the future 
trend. Figure 12 shows the electrode pattern [32]. Only by 
the external connection, a combined vibration of the 
longitudinal Li and bending B2 modes can be excited. 

Fig.12    Multilayer ceramic simple linear motor  (Mitsui 
Chemical). 

The Penn State University has developed a compact 
ultrasonic rotory motor as tiny as 3 mm in diameter. As 
shown in Fig. 13, the stator consists basically of two 
piezoelectric rings and a metal ring with "windmill" shaped 
fingers bonded together, so as to generate a coupled vibration 
of radial and bending types on a finger [33]. Since the 
component number and the fabrication process were 
minimized,   the   fabrication   price   would   be   decreased 

remarkably, and it would be adaptive to the disposable usage. 
When driven at 160 kHz, the maximum revolution 2000rpm 

and the maximum torque 0.8mN-m were obtained for a 5 mm 
motor. Notice that even the drive of the motor is 
intermittent, the output rotation becomes very smooth 
because of the inertia of the rotor. Figure 14 shows motor 
characteristics plotted as a function of motor size for 
"windmill" motors. 

rotor 

Ball bearing 

metal ring 

PZT ring 

Fig. 13 Compact ultrasonic motor with a "windmilF'-shaped 
torsional coupler. 
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Fig. 14 Radial mode resonance frequency, no-load speed and 
starting torque vs. diameter of the stator. Speed and torque 
were measured at 15.7 V. 

With expanding the application field of ceramic 
actuators, the durability/reliability issue becomes more 
important. The final goal is, of course, to develop much 
tougher actuator ceramics mechanically and electrically. 
However, the reliability can be improved significantly if the 
destruction symptom of the actuator is monitored. 

Safety systems or health monitoring systems have been 
proposed with two feedback mechanisms: position feedback 
which can compensate the position drift and the hysteresis, 
and breakdown detection feedback which can stop the actuator 
system safely without causing any serious damages onto the 
work, e.g. in a lathe machine [34].  Acoustic emission and 



internal potential measurements, and resistance monitoring of 
a strain-gauge type internal electrode embedded in a piezo- 
actuator under a cyclic electric field drive are good predictors 
for the life time [35]. 

Future research and development should focus on 
superior systems ecologically (i.e. fit for human!) as well as 
technologically. Safety systems, which can monitor the 
fatigue or the destruction symptom of materials/devices, and 
stop the equipment safely without causing serious problems, 
will be desired. 
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Design and Fabrication of a High Performance 
Multilayer Piezoelectric Actuator with 

Bending Deformation 
Kui Yao, Member, IEEE, Weiguang Zhu, Member, IEEE, Kenji Uchino, Member, IEEE, Zhe Zhang, 

and Leong Chew Lim, Life Member, IEEE 

Abstract—A new bending mode multimorph actuator 
was designed and fabricated successfully by a multiple 
screen printing process. Unlike the conventional bimorph 
actuator in which the bend occurs in the thickness direc- 
tion, the bend in the multimorph actuator occurs in the 
widthwise direction because of synchronistical deformation 
of each single monolithic layer in the multilayer structure. 
The theoretical analysis and experimental measurements 
were conducted to study the performance of this type of ac- 
tuator, and a comparison was made with the conventional 
bimorph actuator. Larger displacement, higher resonance 
frequency, and much larger blocking force could be achieved 
with the multimorph actuator than with a bimorph actu- 
ator of similar dimensions. The multimorph actuator pre- 
sented in this paper provides a valuable alternative for ac- 
tuator applications beyond those available with the popular 
bimorph and longitudinal multilayer actuators. 

I. INTRODUCTION 

MULTILAYER and bimorph actuators are two popular 
piezoelectric ceramic designs currently in wide use 

[1]. The multilayer piezoelectric actuator has several ad- 
vantages: quick response, large generative force, and high 
electromechanical coupling. Many applications such as a 
printer head [2] and an X-Y stage [3] have been attempted 
using the multilayer actuators. However, higher displace- 
ment/voltage sensitivity can only be achieved for this type 
of actuator by greatly increasing the number of piezoelec- 
tric layers and decreasing the thickness of each layer, re- 
sulting in higher cost, lower reliability, and larger dimen- 
sions. Compared with the multilayer stack structure, the 
bimorph actuator consists of a simple, low cost structure 
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that has been applied in tracking control systems [4] and 
swing CCD mechanisms [5]. Unfortunately, this kind of ac- 
tuator can only provide a small generative force and has a 
low resonance frequency, thus limiting its responsivity. 

In some specific cases, such as the magnetic head track- 
ing mechanism in the hard disk drive of a computer, high 
displacement/voltage sensitivity as well as high resonance 
frequency are essential for the successful application of an 
actuator in the servo control system. The applicability of 
the aforementioned two types of actuators for this case is 
restrained because of the low resonance frequency of the 
bimorph structure and the low displacement/voltage sen- 
sitivity of the multilayer structure. It was disclosed that 
a multilayer piezoelectric actuator could be built in the 
distal end portion of the head-supporting arm of the hard 
disk drive to position the head precisely [6]. However, to 
achieve sufficient displacement, this required large num- 
bers of piezoelectric layers coupled with increasing cost 
and/or a voltage that is too high for hard disk drive appli- 
cations. Moreover, the large mass and moment of inertia 
to be driven by the d33-based longitudinal actuator and 
the corresponding additional mechanical structure limit 
the feasibility of the entire dynamic mechanism. 

A new design for a piezoelectric actuator compromis- 
ing the merits of high displacement/voltage sensitivity, 
high resonance frequency, and low cost is presented in 
this paper. Such a multilayer piezoelectric actuator essen- 
tially consists of a multilayer bending mode actuator with 
displacement occurring in the transverse widthwise direc- 
tion. The blocking force, resonance frequency, and even the 
displacement/voltage sensitivity can be greatly improved 
over the conventional bimorph actuator. This new design is 
substantially different from the previously reported multi- 
morph bending actuator [7] in which displacement occurs 
in the thickness direction as is the case for the bimorph 
structure. 

In the conventional fabrication process for bimorph ac- 
tuators, two ceramic plates are bonded using a cohesive 
coating, such as resin. However, this method is not efficient 
to realize a multilayer structure capable of low-driving 
voltage, miniaturization, and hybridization. Therefore, a 
thick-film, multiple screen printing process followed by co- 
firing of metal electrodes and ceramic layers has been ap- 
plied to produce the newly designed bending mode actua- 
tors. Some studies about fabricating d33-based longitudi- 
nal piezoelectric multilayer actuators by the screen print- 

0885-3010/99S10.00 © 1999 IEEE 
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Fig. 1. An exploded view for the assembly of the multiple electrode 
and piezoelectric layers in the multilayer bending mode actuator, 1- 
electrode layers, 2-piezoelectric layers, and 3-the electrode fingers. 

Poling electric field 
Driving electric field 

Poling mode + - + - 
Working mode - + + - 

;:!§*3 
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are opposed in the thickness direction (i.e., the z direc- 
tion). From the view along the length direction (i.e., the 
i direction) the multilayer actuator seems to be divided 
into two symmetric portions, which are designated as A 
and B, respectively, in Fig. 2. The poling electric field can 
be applied to each half of each piezoelectric ceramic layer 
separately through the external electrodes as depicted in 
Fig. 2. The resulting polarization vectors of all of the piezo- 
electric ceramic layers in each portion of the actuator are 
parallel with each other in the z direction in the same 
portion. However, the polarization vector of the piezoelec- 
tric ceramic layers in portion A is anti-parallel to those in 
portion B. 

The driving field is applied such that on each half of 
the piezoelectric layer, the electric field is parallel to the 
polarization vector in each layer of one portion of the ac- 
tuator but antiparallel to the polarization vector in each 
layer of the other portion. Consequently, each piezoelectric 
ceramic layer in one portion of the multilayer body extends 
synchronistically in the x direction, and each layer in an- 
other portion of the multilayer body contracts in the x 
direction. Thus, a transverse bending deformation is real- 
ized in the y direction. Clamping the end of the actuator 
to form a cantilever beam, a displacement of the free end 
is produced in the widthwise direction. 

The poling mode shown in Fig. 2 is not only for the de- 
signed structure. Another working mode is that in which 
the poling vector of all layers is kept parallel but the ap- 
plied drive electric fields in the two portions are antipar- 
allel to each other. 

Fig. 2. The structure and working principle for the multilayer bend- 
ing mode actuator: 1-electrode layers, 2-piezoelectric layers, 3-the 
terminals of the electrode fingers, and 4-the four external electrical 
leads. A and B stand for the two symmetric portions of the actuator. 

ing methods have been reported in previous literature [8], 
[9]. The preparation process is compatible with the indus- 
trial manufacturing process to keep high yield and produc- 
tivity at low cost. 

II. DESIGN OF THE ACTUATOR 

Fig. 1 shows an exploded view of the new multilayer 
piezoelectric device design comprising a plurality of piezo- 
electric layers alternately laminated with a plurality of 
electrode layers. Each of electrode layers includes a sep- 
arate pair of electrodes with each separate electrode por- 
tion consisting of a finger at its terminal point. The two 
fingers of each odd-numbered electrode layer are spaced by 
much smaller distance in the widthwise direction (i.e., the 
y direction in Fig. 1) than that between the fingers of even- 
numbered electrode layers. Therefore, the four groups of 
exposed terminals of the fingers can be connected to their 
separate external electrical collectors as shown in Fig. 2. 

Thus, each piezoelectric layer is sandwiched between 
two pairs of electrodes, and the two electrodes of each pair 

III. PREPARATION AND MORPHOLOGY 
OF THE ACTUATOR 

The samples were prepared from lead zirconate titanate 
(PZT) by a multiple screen printing process. PZT ceramic 
powders (Shanghai Ceramic Institute, Shanghai, China) 
with 4 wt% lead oxide powders added were dispersed in 
a commercial organic vehicle, and then the mixture was 
ball-milled to prepare the thick film paste. Excess PbO 
was added to the PZT powders to promote the sintering 
process and to compensate Pb loss caused by vaporization 
at a high firing temperature. 

The prepared PZT paste and commercial Pd-Ag paste 
were printed on A1203 substrate alternatively to construct 
the multilayer structure. Each PZT layer is rectangular 
shaped, and each electrode layer includes a separate pair 
of electrodes such that the odd-numbered electrode lay- 
ers and even-numbered electrode layers have the terminal 
fingers spaced by a different distance in the widthwise di- 
rection, as depicted in Fig. 2. Fig. 3 shows the photo of 
the PZT multilayer green bodies printed on 2 x 2 inch 
AI0O3 substrates. Multiple printings are required for each 
PZT layer to achieve the expected thickness. After being 
released from the substrate, the multilayer green bodies 
were cofired at 1130°C in a furnace. 

Each fired PZT layer is about 60 to 70 ßm, and each 
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0.4 mm 

Fig. 5. Two adjacent groups of the terminals of the electrode fingers 
that are exposed in the side surface of the laminate body for electrical 
connection. 1-Exposed terminals of the electrode fingers, and 2-PZT. 

Fig. 3. The photo of the PZT multilayer green bodies printed on the 
2x2 inch AI2O3 substrate. 
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Fig. 6. The schematically illustrated structure of the cantilevered 
PZT multimorph actuator. 

in Fig. 2 with a voltage of 250 V for 30 min to obtain the 
multimorph actuators. 

Fig.  4.  The cross-sectional morphologies of the PZT multilayer 
cofired with Pd-Ag electrode. 

electrode layer is approximately 3 to 5 jzm in thickness. 
Multilayer samples with 7 to 15 layers were fabricated. The 
scanning electron microscopic (SEM; JEOL-JSM-5410LV) 
photo of the cross-section of the multilayer sample, as pre- 
sented in Fig. 4. shows a dense cofired multilayer structure. 
Two adjacent groups of the edges of the electrode fingers, 
exposed in the side surface of the laminate body for elec- 
trode connection, are shown in Fig. 5. The electrode ter- 
minal groups are clearly spaced from each other so that 
they can be connected to separate electrical leads. 

Four fine leads were bonded to the four groups of ex- 
posed edges of the electrode finger, respectively, as illus- 
trated in Fig. 2. The final multimorph sample consisted of 
an overall width of 3.5 mm and a length of 11 mm. The 
total thickness of the sample depends on the number of 
the layers. For 7-layer to 15-layer samples, the thickness is 
about 0.44 to 0.95 mm. respectively. 

Finally, the multilayer samples were poled as illustrated 

IV. EXPERIMENTAL MEASUREMENTS 

The multimorph actuator was clamped in one end to 
form a cantilever structure as shown in Fig. 6, and the 
bend displacement 8 in widthwise direction was measured 
by an HP 5529A due-frequency dynamic laser interferome- 
ter controlled by a host computer. The laser interferometer 
was set on an optical table and was well shielded to mini- 
mize environmental disturbance. In terms of the Doppler- 
shift effect, the displacement of the actuator response was 
determined from variations in frequency of the reflected 
laser beam from a highly reflective mirror, which was ad- 
hered to the lateral surface of the free end of the actuator. 
The specified resolution of the system was 1 nm for static 
displacement measurement and 10 nm for the time-based 
dynamic measurement. 

Fig. 7 shows the static displacement of a cantilevered 
multimorph actuator in response to a step voltage. The 
efficient length of the cantilevered sample, excluding the 
length of the clamped stub, was about 9.2 mm. The 
stepped voltage was increased from 0 to 12 V (correspond- 
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Fig. 7. The static displacement of a multiraorph actuator sample 
in widthwise direction in response to step voltage (I = 9.2 mm, 
w = 3.5 mm, wo = 0.3 mm, n = 15, and nt = 0.945 mm). The 
designations as specified in Fig. 6. 
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Fig. 9. The real time transient vibration of a multimorph actuator 
sample in response to a step voltage (1 = 9.2 mm, v> = 3.5 mm, w0 = 
0.3 mm, n = 15, nt = 0.945 mm, and V = 6 V). The designations as 
specified in Fig. 6. 

stable, and repeatable. The displacement response to a 
step voltage in a short period is magnified in Fig. 9. The 
roughness of the dynamic displacement response curve is 
attributed to the limited number of data points because of 
the measurement system. The frequency of the transient 
vibration of the actuator accompanying the displacement 
overshoot should be mathematically equivalent to the res- 
onance frequency of the actuator. From the measurement 
result in Fig. 9, the resonance frequency of the actuator is 
determined to be about 20.5 kHz. 

V. THEORETICAL ANALYSIS 

40 80 120 

Time (ms) 

160 200 The theoretical analysis in this section is aimed to clar- 
ify the performance of the cantilever structure comprising 
the piezoelectric multimorph actuator as is illustrated in 

Fig. 8. The dynamic displacement behavior of a multimorph actuator     ^.      g   rp^ resonance frequency, displacement,  and the 
sample under a square-wave driving signal (/ = 50 Hz, v - 6 v, I - •• actuator are analyzed subsequently. 
9.2 mm, w = 3.5 mm, w0 = 0.3 mm, n = 15, and nt = 0.945 mm).     uluuuu5  u 

The designations as specified in Fig. 6. 
A. Resonance Frequency 

ing to 0.19 kV/mm), then decreased from 12 to -12 V, and 
finally increased from -12 to 0 V to form one cycle with an 
increment of 1 V for each step. The bending displacement 
was increased from 0 to 1.3 pm with the drive voltage 
increased from 0 to 12 V then changed from 1.3 pm to 
about -1.3 fim when the drive voltage decreased from 12 
to -12 V step by step. Finally, with the voltage coming 
back to 0 from -12 V, the displacement returned to near 0 
from -1.3 Aim. Fig. 7 also indicates that the displacement 
was approximately linear with the applied voltage. 

Fig. 8 presents the dynamic displacement behavior of 
the multimorph actuator sample under a square-wave driv- 
ing signal. The input was 6 V at a frequency of 50 Hz. 
The measured displacement response is reasonably rapid, 

If the effect of the electrode layers can be ignored, the 
stiffness of the cantilevered structure in the widthwise di- 
rection can be expressed as: 

EPI = 
ntwi 

~12~ 
(1) 

where Ep is Young's modulus of the PZT ceramic; I is the 
moment of inertial of the cantilevered structure; n and t 
are the numbers representing PZT layers and thickness of 
each layer, respectively; and w is the width of the actuator. 

By only considering the internal shear forces and mo- 
ment in the y direction and neglecting the other forces 
in the y direction and all the forces in other directions in 
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Fig. 6, the followed Euler's beam equation [10] can be used 
to describe the elastic vibration in the width direction: 

EpId*y + d2y 
= 0 (2) 

TO   OX4    '    ÖT2 

where m is the mass of the beam per unit length along the 
x axis and r stands for time. 

Equation (2) can be solved under the boundary con- 
ditions of the one-end clamped cantilever beam, and the 
fundamental natural bending resonance frequency fr in 
the widthwise direction can be obtained as 

Ir     2TT1
2
 V  m       4-KI

2
 V Zp (3) 

where p is the density of the PZT ceramic, and Xi = 1.875. 
The resonance frequency is proportional to the width of 
the multilayer body but not related to the thickness. 

B. Displacement 

The multimorph actuator can be divided into three por- 
tions along the width direction (i.e., two symmetric active 
portions with electrode layers sandwiched) and the central 
inactive portion without electrodes. The stain and stress 
of the two active portions in the length direction, S\ and 
Ti, can be expressed according to their piezoelectric and 
elastic equations: 

Si = sfjTi ± d31E3 

Ti = EpSi ± Epd3lE3 = EpKy ± Epd3lE3 

(4) 

(5) 

where sfx is the compliance constant under constant elec- 
tric field, d3i is the piezoelectric constant, E3 is the electric 
field in the z direction, and K is the curvature of the bend- 
ing cantilever [11]. The positive and negative signs in the 
equations are used when electrical fields are parallel and 
antiparallel to the polarization vector. 

The stress along the x direction in the inactive portion 
of the ceramic between the two active portions is: 

Ti = EpKy. (6) 

Thus, the torque M caused by the elastic force can be 
expressed as: 

M=       (EpKy + Epd3iE3)ntydy +   /  EpKyntydy 

-f -op 

+ f (EpKy - Epd31E3)ntydy.    (7) 

The curvature of the cantilever beam at zero loading 
can be determined by setting M = 0 in (7), and the dis- 
placement S of the free end of the cantilever beam can be 
hence determined by (8): 

S=T~       2wH      d3lV (8) 

where V is the voltage applied to each PZT layer. Taking 
account of wo <C w, (8) can be simplified as: 

"M2 

2wt (9) 

When wo < O.lti/, the error from ignoring the effects of 
WQ is less than 1%. 

According to (9), for an actuator with specific length 
and d3i, the displacement is inversely proportional to the 
total width and thickness of each PZT layer under con- 
stant voltage but not related to the number of the layers. 
Under the condition of constant electric field, the displace- 
ment becomes independent on the thickness of a single 
PZT layer. 

C. Blocking Force 

Another important parameter for the bending mode ac- 
tuator is the blocking force at the tip of the beam to char- 
acterize the strength of the actuator. The blocking force is 
an external equivalent force, Fb, which can be applied at 
the tip to counteract the electric field-induced tip deflec- 
tion and hence to maintain the tip of the cantilever at a 
fixed original position. It is also termed the maximum gen- 
erative force. For the cantilever beam, the force required 
to make the beam produce a displacement Ö is [11]: 

_ 2EpI5 
*b-—jz-- (10) 

Substituting (10) with (1) and (8), Fj can be ex- 
pressed as: 

Znt(w2-wl) 
tb = — &pa3i£,3. (11) 

By ignoring the minor effect of tuoi (11) can be further 
simplified to: 

3nw2 

81 
Fb = -zr-Epd31V. (12) 

When the length and the material are fixed, the block- 
ing force of the actuator is proportional to the number of 
the layers and the square of the width under the condition 
of constant voltage. 

D. Calculated Results for the Measured Sample 

The performance of the PZT multimorph actuator can 
be calculated based on the previously obtained equations 
and the material's parameters. The density p, Young's 
modulus Ep, and piezoelectric constant ffei for the PZT 
material used in this work are about 7.5 x 103 kg/m3, 
6.5 x 1010 N/m2, and 175 x 10~12 C/N, respectively. The 
resonance frequency calculated from (3) is 19.7 kHz for the 
multimorph actuator sample. When 12 V is applied, the 
displacement and the blocking force, calculated from (9) 
and (12), are 1.2 ßm. and 1.02 N, respectively. Therefore, 
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Zi 

t' 

Fig. 10. The schematically illustrated structure of the cantilevered 
bimorph actuator. 

TABLE I 
COMPARISON BETWEEN THE CALCULATED PERFORMANCE 

PARAMETERS OF THE CANTILEVERED BIMORPH ACTUATOR AND THE 

NEW MULTIMORPH ACTUATOR WITH SIMILAR DIMENSIONS.* 

Actuators 
Conventional New 

bimorph multimorph 

Resonance frequency /r 5-3 kHz 19.7 kHz 
Displacement S (V = 12 V) 0.6 /jm 1.2 ^m 
Blocking force (V = 12 V) 0.037 N 1.02 N 

*For the multimorph actuator, i — 9.2 mm, w = 3.5 mm, 
u>o = 0.3 mm, n = 15, and nt = 0.945 mm; for the bimorph 
actuator, V = 9.2 mm, w' = 3.5 mm, and t' = 0.945 mm. 
The designations of the dimensions for the two actuators are 
specified in Figs. 6 and 10, respectively. The voltage given in 
this table is applied to each layer of the multimorph actuator 
and each layer of the bimorph actuator. 

the calculated displacement and resonance frequency are 
very close to the measured values. 

It is useful to make a comparison with the well-known 
bimorph actuator for clarifying the outstanding features of 
the new multimorph design. Fig. 10 shows the cantilever 
beam comprising a PZT bimorph. The fundamental reso- 
nance frequency f'r, displacement 5', and the blocking force 
Fl are expressed as follows: 

(13) 

(14) 

(15) 

S=-p2-d3iV, and 

_,     3w't' _  ,   ., 
Ft = -^rEv^iV 

where V is the voltage applied to each PZT layer of the bi- 
morph [12]. The theoretically calculated performance pa- 
rameters of the conventional bimorph actuator and our 
multimorph actuator are listed in Table I. The dimensional 
data of the bimorph structure are supposed to be similar 
to those of the multimorph counterpart. The displacement 

of the multimorph actuator is two times that of the bi- 
morph actuator, and the blocking force is more than 27 
times that of the bimorph actuator. Moreover, the reso- 
nance frequency is about 3.7 times that of the bimorph 
actuator. It is obvious that the multimorph structure is 
superior to the bimorph structure with the similar dimen- 
sion as a piezoelectric actuator. 

VI. DISCUSSION 

Comparing the structures shown in Figs. 6 and 10, it can 
be found that the multimorph actuator is distinct from the 
bimorph actuator in the direction in which the transverse 
bend occurs. This distinction is one of the essential reasons 
for the subsequent difference in performance. Another fea- 
ture is that the multilayer structure has been adopted into 
a multimorph actuator. 

For the bimorph actuator, the bend of the cantilever 
structure occurs in the thickness direction in which the 
two plates are bonded (i.e., the z direction in Fig. 10). 
This direction is the same direction in which the drive 
electric field is applied. Increasing the dimension of the 
actuator in which bend occurs is advantageous to improve 
the resonance frequency, and the blocking force, however, 
is disadvantageous to increase the bend displacement. Ac- 
cording to (13) through (15), the resonance frequency and 
the blocking force of the bimorph actuator are propor- 
tional to the thickness t', but the displacement/voltage 
sensitivity is inversely proportional to t'2. The quadrically 
inverse proportion relation is attributed to the consistence 
of the electric field direction and the bending direction, 
which results in the decrease of the efficient electric field 
with increasing thickness under constant voltage. Hence, 
this further aggravates the thickness-dependent decrease of 
the displacement accordingly. Therefore, the improvement 
of the resonance frequency and blocking force by improv- 
ing the thickness can only be achieved at a great sacri- 
fice of the displacement/voltage sensitivity. The common 
improvement of the resonance frequency and the displace- 
ment/voltage sensibility at the same time is restrained to 
a great extent by the bimorph characteristics. 

Unlike the bimorph structure, the transverse bend of 
the multimorph actuator occurs in the widthwise direc- 
tion rather than in the thickness and the lamination di- 
rection in which the drive voltage is applied. According 
to (3) and (12), the resonance frequency increases linearly 
with the width w, and the blocking force increases quadri- 
cally. Although the displacement decreases linearly with 
w according to (9), this unfavorable effect is substantially 
smaller than that for the bimorph structure. The displace- 
ment/voltage sensitivity of the bimorph degrades quadri- 
cally with thickness, but its blocking force only linearly 
increases with thickness. 

Because the width of the multimorph structure is actu- 
ally much larger than the thickness of the bimorph without 
the unfavorable effect of decreasing the efficient electric 
field, the multimorph structure can possess a higher res- 
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onance frequency and a much larger blocking force. Any- 
way, the unfavorable side effect of the decreased displace- 
ment/voltage sensitivity because of the large dimension 
in width still exists for the multimorph actuator, even if 
this side effect is not so strong as in the case of the bi- 
morph actuator according to the previous analyses. Thus, 
the multilayer structure is adopted into our actuator to 
improve the efficient driving electric field under constant 
voltage, and the displacement/voltage sensitivity, which is 
inversely proportional to the thickness of each PZT single 
layer. 

It should be noted that the resonance frequency and the 
displacement of the multimorph actuator are independent 
of the number of the PZT layers as expressed in (3) and 
(9). The number of the laminated layers can be reduced to 
fewer and even a single layer for various applications with- 
out affecting the resonance frequency and displacement. 
This differs from longitudinal piezoelectric multilayer ac- 
tuators [13] in which the great number of the laminated 
layers is a prerequisite to produce sufficient displacement 
under a very low drive voltage. Thus, the cost of the mul- 
timorph actuator can be reduced over that of the longi- 
tudinal multilayer actuator because of its small number 
of laminated piezoelectric layers. The displacement of a 
longitudinal multilayer with such a small number of ac- 
tive layers is much smaller than the displacement of the 
multimorph actuator. For example, a seven-layer multi- 
morph actuator can produce a displacement of more than 
30 times that of the longitudinal multilayer actuator under 
a specific drive voltage. 

According to (12), the blocking force is proportional to 
the number of the laminated layers. The strength and gen- 
erative force of the multimorph actuator can be improved 
by increasing the number of the laminated piezoelectric 
layers. In comparison with the bimorph structure of a sim- 
ilar size, the blocking force of the multimorph actuator is 
tens of times that of the bimorph structure and on the or- 
der of Newtons. This is a very appreciable force for bend 
mode piezoelectric actuator with such a small size. 

Because the displacement of the multimorph actuator 
is derived from the bending mode, the generative force 
and the resonance frequency are still lower than the lon- 
gitudinal multilayer piezoelectric actuator. However, the 
new multimorph actuator presents a useful compromise 
to the displacement, resonance frequency, blocking force, 
and cost. From a comprehensive evaluation on the perfor- 
mance and cost, the multimorph actuator overcomes or 
ameliorates one or more of the disadvantages of the con- 
ventional bimorph and longitudinal multilayer actuators 
and provides a valuable alternative to actuator applica- 
tions. For example, such a multimorph actuator with a 
very low drive voltage, large servo bandwidth, and high 
displacement/voltage sensitivity is particularly suitable for 
application for the servo control system in the magnetic 
head-tracking mechanism in the hard disk drive of com- 
puters [14], [15]. 

VII. CONCLUSIONS 

A bending mode multimorph actuator has been de- 
signed and successfully fabricated by a multiple screen 
printing process. The bend displacement occurs in the 
widthwise direction not in the thickness direction as in 
the conventional bimorph actuator. By both theoretical 
analysis and actual measurements, it was found that larger 
displacement, higher resonance frequency, and much larger 
blocking force could be achieved with the multimorph ac- 
tuator than with the bimorph actuator of a similar size. 
It is believed that the presented multimorph actuator pro- 
vides a valuable alternative for piezoelectric actuator ap- 
plications in addition to existing conventional bimorph and 
longitudinal multilayer actuators. 
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Electromechanical Coupling and Output 
Efficiency of Piezoelectric 

Bending Actuators 
Qing-Ming Wang, Xiao-Hong Du. Member. IEEE, Baomin Xu. and L. Eric Cross 

Abstract—Electromechanical coupling mechanisms in 
piezoelectric bending actuators are discussed in this pam- 
per based on the constitutive equations of cantilever bi- 
morph and unimorph actuators. Three actuator characteris- 
tic parameters, (e.g., electromechanical coupling coefficient, 
ma-rimiim energy transmission coefficient, and maximum 
mechanical output energy) are discussed for cantilever bi- 
morph and unimorph actuators. In the case of the bimorph 
actuator, if the effect of the bonding layer is negligible, these 
parameters are directly related to the transverse coupling 
factor ^31- In the case of ehe unimorph actuator, these 
parameters also depend on :he Young'3 modulus and the 
thickness of the elastic layer. Maximum values for these 
parameters can be obtained by choosing proper thickness 
ratio and Young's modulus ratio of elastic and piezoelectric 
layers. Calculation results on four unimorph actuators in- 
dicate that the use of stiffer elastic material is preferred to 
increase electromechanical coupling and output mechanical 
energy in unimorph actuators. 

I. INTRODUCTION 

PIEZOELECTRIC bending actuators, such as bimorphs 
and unimorphs. have been used widely in areas related 

to precision position controlling, loud-speakers, vibration 
damping, noise control reiays. phonograph pick-up. acous- 
tics, and pressure sensing [1;-'.3|. A significant amount of 
scientific literature has been published to detail the opera- 
tion mechanisms and applications of these devices. A quite 
comprehensive literature review has been given in [4] and 
foi. Interested readers are referred to those articles. Most 
of the investigations explore the uses of bimorphs. uni- 
morphs. or multilayer morphs in acoustic areas as pressure 
sensors, resonators, etc. A wide range of piezoelectric ma- 
terials, such as PVF2. ZnO. CdS. and PZT, have been used 
for fabricating these devices. Most recently, piezoelectric 
acTuators have been studied for low frequency vibration 
damping and noise control ;6i-[12j. In our previous work 
[13!. [14], cantilever bimorph and unimorph actuators were 
used as driving elements in a new type of low frequency air 
transducer for low frequency noise control. Actuators with 
large tip displacement and generative force are required in 
this aDDÜcation. 
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r*:g. 1. Structure of bimorph 3zd unimorph actuators. 

The structure of bimorph and unimorph actuators is 
quite simple. As schematically shown in Fig. 1. bimorph 
actuator consists of two :hin ceramics plates bonded to- 
gether and driven with opposite electrical field. Two type 
of connections are often used in bimorph fabrication. One 
is a series or antiparailel connection, in which two piezo- 
electric sheets with opposite polarization direction axe 
bonded together by epoxy resin. The electrical voltage is 
applied across the total thickness. The electrical field £3 is 
the voltage divided by actuator total thickness t. The other 
is the parallel connection, in which the two piezoelectric 
layers have the same polarization directions. The electric 
voltage is applied between the intermediate electrode and 
the top/bottom electrodes. Within the two piezoelectric 
layers, the polarity of driving voltage is opposite. The elec- 
tric field £3 now is the voitage V divided by the thickness 
of a piezoelectric layer. In both cases, one plate expands 
while the other contracts. The net result is a bending de- 
flection. In parallel connection, driving voltage can be re- 
duced to half the value in the series case while keeping 
the same field strength. In some cases, a triple-layer struc- 
ture is used in which a neutral elastic layer is sandwiched 
between two piezoelectric layers."In a unimorph actuator, 
one piezoelectric layer and one elastic layer are bonded to- 
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gether. When the piezoelectric layer is driven to exoand 
or contract, the elastic layer resists this dimension change, 
leaoing to oending deformation. The use of an elastic layer 
can greatly increase the mechanical reliability of the actu- 
ator, whicn is an important issue in practical aoplications. 
One signincant characteristic of bimorph and unimorph ac- 
::i-zors is mat chey can generate the largest displacement 
among ail piezoelectric actuators: in the range of tens of 
microns to several millimeters, depending on the geomet- 
rical dimensions of actuators. However, bending actuators 
have w electromechanical coupling and small generative 
rorce. oecause fiexurai strength is lower than tensile or 
compressive strength in general. Also, internal stresses are 
built up m bending actuators when transverse motion is 
converted into bending motion, which lessens the outout 
:;'?chanicai energy. 

For a singie end clamped actuator two parameters tip 
defection and generative force, usually are used to char- 
actenze actuator performance. In a previous paper [151 
performance analysis of both bimoroh and unimorph ac- 
tuators were made based on their no defection, generative 
force  ana bending resonant frequency. These prooerties 
have been shown to strongly depend on actuator dimen- 
sions ana piezoelectric and elastic properties of each com- 
-cnent. The electromechanical couoühg and outDut me- 
chanical energy also are important concerns in actuator 
applications. Although a significant amount of literature 
exists aeaiing with the operation mechanism and appli- 
cations or oimcrph and unimoroh. verv few papers are 
avauapie on these issues. Smits and Coonev fief discuss 
the effectiveness of bimorph actuators to oerform mechan- 
ical worx uncer various constant loading conditions, based 
on the constitutive equation they derived earlier [4]. In 
t-.-e present paper, the electromechanical couüiing, energy 
-.dismission coemcient. and output mechanical energy of 
both cantilever bimorph and unimorph benders will be dis- 
cussed, using tip displacement and dp generative force as 
the actuator outputs. This analysis is believed to be use- 
ful for materials selection and actuator structure design in 
actuator fabrication. 

639 

&3i is the transverse electromechanical coupling coefficient, 
and L. u.\ t are the length, width, and thickness of bi- 
morph. respectively. Equation (1) can be reduced to: 

ö = aF~'6V 
Q = bF- cV (2) 

where 

a = 
,S r3 4sfxZ 
wt3 b-

M^L\ ,.4m-4/4) 
2t2 

(3) 

The electromechanical coupling coefficient for bimorph ac- 
tuator can be derived based on the constitutive equations. 

.4. Electromechanical Coupling of Bimorph Actuator 

Because mechanical load is applied to the vibrating end 
of cantilever bimorph in many cases, the most important 
quasi-^atic characteristics are free-dn deflection 60, and 
clocking -orce Fbl. Blocking force is defined as a force per- 
penoicuiariy applied at the actuator tin to counteract the 
erfect or tne applied electric Seid so that actuator tin -e- 
mains_at -he fixed position. 3Iccking force is the maxi- 
mum rcrce generated by the electric deid induced bending 
or aerormation. The free-tip deflection and blocking force 
or oimorpn actuator can be obtained bv (2): 

_ 3d31L\. 00     IT-^- (4) 

(5) 

II. ANALYSIS OF BIMORPH ACTUATOR 

The constitutive relations for cantilever-mounted bi- 
morph have been derived by Smits and Choi [5], which 
describes the behavior of the bimoroh under static condi- 
tions. If an electric voltage V is applied across the thick- 
ness of bimorph and an external force F is vertically acting 
at the bimorph tip. then the generated tin deflection and 
electrical charge can be expressed by the Mowing equa- 

For a cantilever bimorph actuator, if no external mechan- 
ical i0aa_is present at the vibrating end. with an applied 
voltage v     electrical energy is mput into the bimoroh 
1T , .n\bent CO a maximi™ ti? deflection 50, but no 
work will be performed. Part of the inout electrical energy 
is storea in the electric field sustained between the elec- 
trodes m the piezoelectric or ferroelectric material due to 
its capacinve nature, the other part has been transformed 
into mecnanical energy and is stored in the bimorph The 
electrical mput energy is calculated by: 

<P tut3 2p 

'    2? •—— 
(1) 

where .?£ is the ^elastic compliance. a31 is the transverse 
Piezoelectric coemcient, s& is the dielectric permittivity, 

substituting the direct equation for Q. 

Uei = -(bF + cV)V 

where the force is equal to zero, therefore. 

U« = \cV2 = 14^^(1-^/4) 
2 2 t °" 

With reference to Fig. 2, which defines the free-tip de- 
flection and maximum generative force (equal to bloddnt 
force but opposite in sim}  eh» m~.k    •   i uluuanS 
in the bimorph is?        ^'       mechaiucai ener^ stored 

(6) 

(7) 

(8) 
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ergy transmission coefficient. A, usually is defined to eval- 
uate the actual work done by piezoelectric devices [1]: 

Output mechanical energy ,^. 
Input electrical energy 

Output machanical energy 

J 
"a. 

A = 

First, consider the case that the bimorph tip is subjected 
to a constant external force (load) F, in the direction per- 
pendicular to bimorph length direction. When an electric 
voltage V is applied on the bimorph, the input electric 
energy is expressed by (7). The output mechanical energy 
can be calculated as (Fig. 2): 

K out 

Generative lorco 
= _ I' Fdo = -F5 = -{aF + bV)F. 

Fig. 2. Tip deflection vs. generative force for cantilever piezoelectric     -j^g^o^ ^e energy transmission coefficient is: 
bending actuator. 

A = 

cTmecfa = ö^o{-Fbl) 

substituting (4) and (5), 

U 
9 (&L117. _ lb"vn-- — ?2±—v2 

±~2a°~Z2silt    ° 

(9) 

(10) 

y0UI        2(aF + bV)F 
U« (bF + cV)V 

(15) 

(16) 

Under a proper external force (load), a maximum energy 
ixansmission coefficient can be achieved. To determine an 
appropriate external force F under a certain applied elec- 
tric voltage to maximize the A value, we substitute F/V 
with y to obtain: 

Usually -he electromechanical coupling factor of piezoelec- 
tric material is defined as [ll: 

A = 
2ay2 - 2by 

by-c 

fc2 = 
Stored mechanical energy 
Input electrical energy. 

(ID 
3v — = 0 we can obtain the following equation: 
"-   ay 

Therefore, the electromechanical coupling factor of the bi- 
morph can be represented as: 

yo-_2-yo--=0 

thus 

kz = (12) 
yo = "" /      a 

(IT) 

(13) 

(19) 

Substituting (8) and (10), and using *& = 4i/e&8&, 

k 
k2 = - = 9 *31 

ac     161-^/4' 
(13) 

3y substituting (19) into (17), the maximum energy trans- 
mission coefficient can be obtained as: 

Obviousiv, a bimorph actuator made from a high fc3i ma- 
terial will have a high kb value. The fc3i values of some 
commercial soft-type PZT ceramics are listed in Table L 
among which Motorola 3203HD ceramic has the highest 
Jb3i = 0.44. Using (13), the electromechanical coupling 
factor of a bimorph actuator made from this material is 
£;, = 0.34- Therefore, a bimorph actuator will have a lower 
electromechanical coupling factor than the material from 
which it is made. 

B. Energy Transmission Coefficient of Bimorph 

Amax ~        byo -r c 

= -2 [a (-c/6 -r >/(c/6)2-c/o)2 

+ ö(-c/&-W(c./ö)2-c/a) 

- [b (-c/& + v'(c/&)2-c/a) + c (20) 

-*lJf-J$ 
Mot ail the stored mechanical energy actually can be 

used for driving an external load, and the actual work If we realize that (13) gives a value for ac/b-, we get: 
done bv the bimorph tip vibration depends on the me- _ 
chanicai load. Without a mechanical load or under a com- _^ _ _ _3i/_ _ _ 
pleteiy clamped condition, there is zero output work. En- b2 

*§i fc2" 
(21) 
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(28) 

The Tia-^mnm energy transmission coefficient of bimorph 
under constant external force loading condition can be ex- 
pressed in terms of transverse electromechanical coupling 
factor .«§! of piezoelectric ceramic: 

Amax = 2^v
/i7^-7i/^-: 

=äf- (yi-%/4- v1 - i3*3i/i6j •(22) 

Therefore, for a cantilever bimorph made from soft PZT 
ceramic (Motorola 3203HD), under the condition of con- 
stant external force, using £31 = 0.44. its maximum energy 
transmission coefficient can be calculated. A^^ = 0.06075, 
indicating that by choosing a proper external loading, a 
maximum 6.1% of input electrical energy can be trans- 
ferred into mechanical output energy. The other portion of 
electrical energy remains in the bimorph if dielectric loss is 
zero. Using (19). the condition that satisfies the maximum 

sion is: 

F, 

substituting (3) and (21). we have: 

(23) 

F0 1 wt dzx,   . 2       . /        ,'1-13^/16^ 

VQ 6 L sr-^ \       1    L    ,v,3i/4   / (24) 

For given tip load (Fo) and driving voltage, bimorph di- 
mension can be designed to achieve maximum energy 
transmission using (24); or, for a given bimorph actua- 
tor and a given driving voltage, the external load can be 
specified. 

C. Maximum Mechanical Output Energy of Bimorph 

The above condition for maximum energy transmis- 
sion does not coincide with the condition that produces 
the ma-srirmiTn output mechanical energy. Assuming linear 
piezoelectricity, the maximum output mechanical energy 
can be obtained when the external load is half of the max- 
imum generative force, i.e., 

Cn = -OF = _,4i^§i 
9 Lwa%x 

(25) 

64   t   s 11 

In this case, the input electrical energy is given by 

= £§^(32-17^. 
64   t v jiy ° 

(26) 

Using (25) and (26), we can calculate the energy trans- 
mission coefficient of bimorph when maximum output me- 
chanical energy is achieved, 

A = 
Um.a J/C7- 31 

Ue] 32 - I7k-n 

(27) 

if &31 = 0.44. A = 0.060692. which is very close to Amax, 
but a theoreticailv different value. 

III. ANALYSIS OF UNIMORPH ACTUATOR 

In unimorph actuator, a piezoelectric layer and an elas- 
tic layer are bonded together. Tae application of electric 
Seid across the piezoelectric layer will induce bending mo- 
tion because of the constrain of the elastic layer. Similar to 
the case of bimorph, the electromechanical coupling factor 
of a unimorph actuator also can be derived by using the 
constitutive equation of the unimorph. The constitutive 
relations of cantilever mounted unimorphs also have been 
derived by Smits et ai. [5j, which describes the behavior 
of the unimorph under static conditions. If a unimorph 
is subjected to an applied electric voltage and an exter- 
nal force acts on the tip of the unimorph perpendicular 
to the length direction, then the generated tip deflection 
and electrical charge can be expressed by (28) (top of this 
page) 

where 

K = (s7l)2(tp)4 + is^Ut,)* - 6*3*?i(*m)2(*p)2 

+ 45ri^p(fm)3^(s?1)
2(£m)4    (29) 

s£i and 3? 1. are the elastic compliance of the elastic layer 
and the piezoelectric layer; tm and tv are the thickness of 
the elastic layer and the piezoelectric layer. The bonding 
layer thickness is usually very thin and its effect can be 
neglected. 

Equation (28) also can be written as (2), 

6 = aF~bV 
Q = bF~cV 
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a = 

o = 

c = 

3^3! sf; 5ii*i (30) 

For analyzing the effect of the elastic layer on the uni- 
morph actuator performance, we define: 

A = fii_ 
SJTl 

11 

Err 
E, 

5 = ^ 

where Em and £„ are Young:s modulus of elastic (metal) 
layer and piezoelectric ceramic layer. Tnen (30) can be 
simplified as: 

45?, L3 AB-rl 
a = urt3    l + iAB- • 6A52+4AS3 + 4254 

.45(5 ^ 1) 

Lwrf3 

' 1 -r 4A5 T 6AB2 -r 4AS3 -r A254 

.45(1 - -453) 
1-Jfc •31 

(31) 
1 
i 

1 - 4A3 - 5AS2 T- 4453 -r A2 S4 J 

= dli/"^"5!! is ^^ a'D0Ve- Following a similar proce- 
dure, as for -he bimorph actuator, the electromechanical 
coupling coefficient, maximum energy transmission coeffi- 
cient, and maximum mechanical output coefficient can be 
derived for the unimorph. 

.4.. Electromechanical Coupling Factor 
of Unimorph Actuator 

The free-tip deflection and blocking force of unimorph 
actuator can be obtained by (29): 

Or, = OV0 = —r 

.45(1 -r 5) 

a 

A-B* - 2.4(25 - 352 -r 253) + 1 

3urt0 AB(B -1) 
rui,  (AB-I) 45?, L 

■dziVo. 

^31^0 

(32) 

(33) 

For a free cantilever unimorph actuator, if no external me- 
chanical load is present at the vibrating end, with an ap- 
plied voltage V0, electrical energy is input into the uni- 
morph. unimorph will be bent to a maximum tip deflec- 
tion ÖQ but no work will be performed. Part of the input 
electrical energy is stored in the electric field sustained 
between the electrodes in the piezoelectric or ferroelectric 
material due to its capacitive nature, the other part has 
been transformed into mechanical energy and stored in the 
unimorph. The electrical input energy is calculated by: 

substituting the direct equation for Q, 

U« = \[bF + cV)V 

TABLE I 
MATERIALS PROPERTIES USED IN CALCULATION. 

Young's modulus A 

Materials fcsi (N/m2) (= Em/£p) 

PZT 3203HD -0.44 6.2 x 10l° / 
PZT5H -0.39 6.2 x 1010 / 
PZT 5A -0.34 6.1 x 1010 / 
PZT 4 -0.33 3.2 x 1010 / 
Aluminum / 6.5 x 1010 1.05 

Steei / 19.5 x 1010 3.14 

3rass / 11 x 1010 1.77 

Acrylic / 0.31 x 1010 0.05 

where the force is equal to zero, therefore we get: 

(34) 

(35) 

-1- =33-^ JW 

1 — ^5i 
.45(1 + -453) 

31.4254 -14(25 -r 352 + 253) - 1. 

The mechanical energy stored in the unimorph is: 

1 - 

substituting (32) and (33) into (37), we obtain: 

r       -UV 
9d?i Lw 

(36) 

37) 

a31J 

oS^tp 

.4:52fl-5)2 
(38) 

[.4254 -r 2.4(25 - 352 - 253) ~ 1](A8 -r 1) 

Therefore, the electromechanical coupling 
morph can be represented as: 

or bi- 

kr = 
I sseeh 

i.e.. the expanded form in (39) (top of next page). There- 
fore, the electromechanical coupling coefficient of the uni- 
morph actuator is a function of Young's modulus ratio 
and thickness ratio of the elastic layer and the piezoelec- 
tric layer. Obviously, the use of high fc3i material for uni- 
morph fabrication will lead to high electromechanical cou- 
pling coefficient for the actuator. For a given piezoelectric 
material used for actuator fabrication, £31 is a constant. 
Using £31 =0.44 for soft PZT ceramics, we can plot K 
against thickness ratio 5 for a series of unimorph actua- 
tors fabricated using stainless steel, brass, aluminum, or 
acrylic as the elastic layers bonded with soft PZT ceramic 
layer. The results are shown in Fig. 3. The related physical 
properties of PZT ceramics and elastic materials are listed 
in Table I. A maximum electromechanical coupling coeffi- 
cient c*" be obtained by adjusting the thickness ratio of 
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b2       9J& A2B-(l -B)2 

< = - = ac "t [Ä>B* -r 2A(1S + 3FJ - -Itf-») - 1 ~ ^x-J-g(l + AB*)\[AB -: 
(39) 

0.08 ■— 

0.06 

0.04 

0.02 

Fig. 3. The electromechanical coupling coefficients are plotted against 
thickness ratio of elastic layer and piezoelectric layer for different 
unimorph actuators. 

0.05 ■_ i    i   !—|   i   i   T~J" i   .   i 

 Acrylic      j 
— Aluminum \ 
 Brass 
 Sled 

F: • 4. The m»•"+"""" energy transmission coefficients are plotted 
against thickness ratio of elastic layer and piezoelectric layer for dif- 
ferent unimorph actuators. 

the elastic layer and the ceramic layer. This is clear if we 
consider two limiting cases: 

. When the oiezoelectric layer thickness approaches zero 
(i e B —"ac). there is an infinitely small applied mo- 
ment for bending deformation. Thus, tip deflection 
and generative force approach zero, and the stored 
mechanical energy will be infinitely small, so the elec- 
tromechanical coupling coefficient approaches zero. 

. When the elastic layer thickness approaches zero (i.e., 
ß     o). the transverse strain of the piezoelectric 

layer is subjected to an infinitely small constrain force 
from the thin elastic layer: thus the generative bending 
motion will be small, and electromechanical coupling 
coefficient will again approach to zero in this case. 
Therefore, a maximum electromechanical coupling co- 
efficient can be observed between these two limiting 
cases. 

In addition, as the .4 value increases, the maximum 
electromechanical coupling coefficient point shifts to lower 
B vaiues (thinner elastic layer). And the maximum elec- 
tromechanical coupling coefficient also increases with A 
value. Therefore, to obtain higher electromechanical cou- 
pling coefficient, a stiffer elastic layer (such as stainless 
steei layer) is preferred in unimorph actuator fabrication. 
Compared with the bimorph actuator, the unimorph ac- 
tuator always has lower electromechanical coupling coef- 
ficient. It has been demonstrated that, for cantilever uni- 
morph actuator with a fixed actuator total thickness, max- 
imum tip deflection and generative force can be obtained 
under condition [15]: 

i  -*i 

(40) 

i.e.. the thickness ratio for maximum rip deflection and 
generative force is equal to the reciprocal square root of 
Young-'s modulus ratio. It can be verified that under this 
condition, the interface of the elastic layer and the piezo- 
electric layer coincides with the neutrai plane (axis) of the 
actuator. However, B values for maximum electromechan- 
ical coupling coefficient is not the same as that for maxi- 
mum tip deflection and generative force. For example, for 
a unimorph actuator consisting of a stainless steel layer 
and a soft PZT layer, the Young's modulus ratio is about 
3.14. The maximum electromechanical coupling coefficient 
k~ — 0.08 is achieved at thickness ratio B = 0.96 in- 
stead of 0.564. The electromechanical coupling coefficient 
£2 _ o.OTl at B = 0.564 where marimnm tip deflection 
and generative force is achieved. 

B. Energy Transmission Coefficient of unimorph Actuator 

An energy transmission coefficient can be defined for the 
unimorph actuator (14). Considering that the unimorph 
tip is subjected to a constant external force (load), in the 
direction perpendicular to unimorph length direction. The 
marinnTTTi energy transmission coefficient is: 

^max y*Fi (41) 

In Fig. 4. Am« is plotted against thickness ratio B for a 
series of actuators made up from stainless steel, brass, alu- 
minum, and acrylic layers with a soft PZT layer. The same 
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Therefore, the maximum output mechanical energy of uni- 
morph actuator varies with .4. and B values. Through 
choosing appropriate A and B values, output mechanical 
energy can be maximized. If the thickness of the actuator 
is fixed, i.e.. tm 4- tp = i. because of tm/tv = B, we have 
tp = t/{B -r 1). Note that £3 = Vo/tp, ^re £3 is elec- 
tric field strength. E3 is assumed constant while varying 
3 values. Substituting £3 and tp into (42): 

fa    p 

F15. 5- o is plotted against thickness ratio tor a series of unimorpa 
actuators. 

variation —end is observed as for the electromechanical 
couDiins coefficient. Again, stiffer elastic layer is preferred 
to achieve higher maximum energy transmission coemc:ent 
for -ini—r—;h actuators. For three typical unimorph actua- 
tors using stainless steel, brass, and aluminum as the elas- 
tic iavers bonded with soft PZT layer, the highest Araax 
values are 4.14%. 3.31%. and 3.52% when B = 0.96. 1.4. 
and 2.1. respectively. These results demonstrate that quite 
a small portion of the input electrical energy can be trans- 
ferred Lmo output mechanical energy in cantilever uni- 
morph actuators. The other portion of electrical energy 
remains in the piezoelectric ceramic layer to sustain the 
applied electrical field because of its capacitive property 
(high dielectric constant), neglecting losses. This remain- 
ing energy will flow back to power source and reused in 
the next driving cycle. The external force (load) that sat- 
isfies the condition for maximum energy transmission can 
be calculated using (23) and (31) if the driving voltage is 
given, or for a known external load and a specified driving 
voltage, an actuator can be designed to achieve the highest 
maximum energy transmission coefficient. 

C. Maximum Mechanical Output Energy 

In practical applications, it is often of concern how much 
mechanical output energy can be provided by piezoelec- 
tric actuators. As in the case of unimorph actuator, the 
maximum output mechanical energy of unimorph can be 
obtained when the external load is half of the maximum 
generative force, i.e.: 

r-oV0) — Um.max = -OF = - ( a— -r bV0 ) — 

9d£-L w 

i"? 16^ 
A252(l + B)2 V2 (42) 

I A? 3* - 2A(2B + ZB- -r 253) + 1}(AB 4-1) 

'm-max 
_ 9d%iLwt 

16s? 11 

X  r 
A252(l - 5) 

rr£3
2-   (43) 

[A2 3* -i- 2A(25 -i- 352 -r IS3) -i- 1}{AB -i-1) 

To visualize the variation of mechanical output energy 
with Young's modulus ratio and thickness ratio in uni- 
morph actuators, a nondimensional parameter © can be 
defined: 

o = 
.4232(1-S) 

.4234 4- 2-4(25 - 352 - 233) r- 1](AB -r 1) '(44) 

In Fig. 5. © is plotted as a function of B values for a series 
of unimorph actuators (different .4. values). A maximum o 
can obtained at an appropriate thickness ratio for a uni- 
morph actuator. The condition for maximum mechanical 
output energy can be verified as 3 — \flJA- This is clear 
because at this thickness ratio both maximum tip deflec- 
tion and Tiayirnnm blocking force are obtained [15;. The 
maximum 0 value for unimorph actuator with a given to- 
tal thickness and under a given eiectric field can be sim- 
oiifled as. 

0 = 
4(1 - v'.4)2 

(45) 

We can calculate the energy transmission coefficient un- 
der this circumstance. The input electrical energy is 
given by (46) (top of next page). Therefore, the energy 
transmission coefficient can be calculated as shown in (47) 
(top of next page). Obviously, the mechanical output coer- 
ficient of unimorph actuator also depends on the Young's 
modulus ratio and the thickness ratio of the elastic layer 
and the piezoelectric layer. Substituting B — y/l/A into 
(47). we can have: 

A = 
 MaU-vC?)  
32A -r 64^ - 32 - %(9A -f UVÄ 4- 8) (48) 

Using fc3i = 0.44, and .4 = 3.14, 1.77, 1.05 for unimorphs 
consisting of stainless steel, brass, and aluminum as the 
elastic layers bonded with a soft PZT layer, when max- 
imum, output mechanical energy is achieved, the energy 
transmission coefficients are 3.673%, 3.28%, and 2.91%- 

From Figs. 3, 4, and 5, it can be found that the use 
of a polymeric elastic layer for unimorph actuator fabrica- 
tion will lead to very low electromechanical coupling, low 
energy transmission, and low output mechanical energy 
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^ = ^0 = 5(^ + ^0)^0 2 

Lw 
W7 _ -9 <4 .4252(1 - B)2 

a& U254 -r 2A(2S +. as3 - "IS3) - lj(.-LS -i-1) 

+ 8e£   1-fcfc 
Ag(l + .-L5^ 

■A2B4 ~ 2A(2B -r 35"- - 2B3) - 1 
■v:- 

\    "m-max 

'     ^   3   rA*B* - 2^(2£ + 332 -r 2-53l - 1 - .^ (1 -i- Ag3)l(Ag - 1)' 

.      ' 9*5: A333(l-3)2 j 

(46) 

(47) 

because of -heir low elastic stiffness. In order to achieve 
as high, as possible output mechanical energy in nnimorph 
actuator, a stiff elastic layer is preferred. 

IV. CONCLUSIONS 

Electromechanical coupling mechanism in piezoelectric 
■:;■ r.tilever bimorph and unimorph actuators have been 
quantitatively analyzed based on their constitutive equa- 
tions. Three actuator characteristic parameters, namely 
electromechanical coupling coefficient, maximum energy 
transmission. coefficient, and maximum mechanical output 
energy, are discussed for cantilever bimorph and unimorph 
actuators. In the case of bimorph actuator, if the effect of 
the bonding layer is neglected, these coemcients are di- 
rectly related to the transverse coupling factor &31. In the 
<-: -e of unimorph actuator, these parameters also depend 
on the Young's modulus and thickness of the elastic layer. 
Maximum values for these parameters can be obtained by 
choosing an appropriate thickness rario and Young's mod- 
ulus ratio of elastic and piezoeiectr.c layers. Calculation 
results for four unimorph actuators indicate that the use 
of sniffer elastic material is preferred ro an increase elec- 
tromechanical coupling in unimorph actuator. Comparing 
with the longitudinal, transverse, or shear mode actua- 
tors, bending mode actuators have lower electromechanical 
cc upling compared with longitudinal or transverse mode 
actuators, because internal stresses are built up when con- 
verting transverse motion into bendm? motion. 
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1. Introduction 

Recently, a new tvpe of monolithic piezoelectric bending 
acma"r called reduced and internally biased ox.de warer 
^RAINBOW) device was developed through a special pro- 
c^technique bv Hurtling [12] in Clemson Lruvers^ 
ComparL with conventual bimorph and ummorph*pe 
ceramic lenders. RAINBOW actuator demonstrated some 
unique features: (1) a dome-shaped monolithic composie 
suture, bv which domination problems usually found in 
Sand benders can be avoided: (2) larger axial dis- 

n^cem m level due to its dome or saddle-like configuration. 
and ß) hLher mechanical strength due to the^existence or 

»1 n7p .tresses RAINBOW actuator is fabricated by 
2ÄTS5 «face of high leadent^rung 
S

p   zo lectric matenals such as PLZT on flat carbon block 
at elevated temperature. The reduction process.of oxide 

ramies product a reduced composite layer with compkx 

composition and phases. It was ^fJA^\^l 
reduced laver is composed of metallic lead. Ti02. Ziu_. 
ZrTiO  oxides and reduced PZT or PLZT ceramics^ Some 
^iTeTptase is located intergranularly around other 
SSphases.'making the reduced layer to show metallic 

;SäSä* i— <—•inc-ux,ns,on- 
Kentucky 40550. 

■,-"U-05R.V99/S - see front matter i 
C  1999 Elsevier Science S.A. All rights 

conduction behavior. Since the reduced layer and the 
Jemarn ng PZTorPLZT layer have different thermal expan- 

on coelcients. internal thermal stresses ^-rated 
when matenals are cooled down to room ^ramre ae 
reduction. RAlNBOWs can be made into wafer or cantilever 
actuators depending on the application requiresm. 
When an electric field is applied across such a compos te 
fce wafer or cantilever, large axial displacement or up 

deflection can be obtained. . 
deTo op'mize RAINBOW actuator performance, a suitab 

thickness ratio of reduction layer and V^^*£™ 
to be designed [5.6]. The reduction layer thickness is 
determined by the thermodynamics and tonnes of^e 
reduction process. Therefore, a study on the chemical 
reaction and diffusion process in the fabrication proces- 
sno of RAINBOWS is important from the: vie»; point 
of fabrication of these devices. Previous studies [2.4] on 
RAINBOW devices have reported that in the high tempera- 
deduction process, an approximate linear relationship 
"xTsts between the reduced layer thickness and reduction 
urne   However, our study on the fabrication processing 
of soft PZT-5H based RAINBOW actuators indicates that 
the  oxysen diffusion across the  reduced  layer  is  the 
aL-Unuting process and a simple parabolic law is followed 

misTltic'process. Experimental results and discussions 
on the difference between our results and previous conclu- 

sions are presented. 

reserved. 
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Reduced layer 

0.25 mm 
i i 

Fig. I. Optical Photograph of RAINBOW actuator cross-section. 

2. Experimental procedures 

RAlN~30Ws with different reduction layer thickness are 
prepared by using a commercial PZT-5H type ceramic. 
Ceramic plates with dimension of 50.0 mm x 12.5 mm x 
1.02 mm were cut from buik P2T ceramics which were 
purchased from the manufacture: i?Z7 3203HD. Motorola 
Ceramic Division. .Albuquerque. XM). As described by 
Haertiing [2]. a high density graphite block was used as 
a high  temperature reduction agent. After cutting  and 
polishing, ceramic plates are then placed on a polished 
graphite biock. This assembly is introduced into furnace 
with air atmosphere and heated to a temperature from 975 ~C 
to 1085:C for a period of time from 5 min to 12 h. As a 
consequence of the high temperature chemical reaction 
between oxide ceramics and carbon, a reduced layer was 
formed on the bottom side of ceramic plate. It should be 
noted here that it is found a much longer reduction time has 
to be used to achieve a comparable reduction thickness as 
compared with previous studies where PLZT ceramics were 
reduced at 975;C for a certain penod of time (usually less 
than   1 ht  [2.4]. Different reduction layer thickness  is 
obtained by changing reduction temperature and time. After 
reduction, this assembly is rapidly cooled down to room 
temperature to avoid possible re-oxidation of the reduced 
layer. Cooiing rate was found to be very critical in RAIN- 
BOW fabrication processing. If material is slowly cooied 
down in furnace, re-oxidation occurs and this will introduce 
an insulating oxide layer with white or yellow color on the 
bottom of ceramic plate, which wiii degrade the conducting 
property of the already-reduced-iayer. But too fast coolins 
rate may result in sample breakage because of very larae 
temperature gradient inside the sampie. which is caused by a 
non-uniform contraction between surface and interior of 
sample.  Usually, the reaction near sample edges is not 
uniform because both side and top surfaces are exposed 
to air atmosphere thus edges are cut after reduction. An 
optical    microscope   (UNLMET-Unitron   8630.   McBain 

Instruments) was used to measure the reduced layer thick- 
ness. As an example. Fig. 1 shows a typical photograph of a 
cross-section of RAINBOW prepared by hearing to 1035;C 
for 5 h indicating a very sharp reduced/PZT interface is 
obtained in this heat treating processing. A reduced layer 
thickness rr = 0.48 mm was obtained at this condition. 

3. Results and discussion 

In Fig. 2 the reduction thickness of RAINBOW actuators 
is pioned against the square root of reduction time for 
several reaction temperatures from 975 :C to 1085:C. Dif- 
ferent from the previously reported results for PLZT-based 
RAINBOWS [2], where reduction thickness is approxi- 
mately proportional to time, we find that in the present case 
the parabolic law is followed between reduction thickness 
and time in high temperature reduction reaction.  This 

0     0.5     1     1.5 15      3      3.5      4 

t •'* (t: hours) 

R z. 2. Reduction layer thickness as a tunction of reduction time at several 
temperature. 
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difference can be explained by tracing the rate-controlling 
process in the hish temperature reduction reaction. It is 
usuallv found that, in the case of oxidation of metals or 
reduction of oxide solids, the reaction kinetics is controlled 
bv «urface or interface reaction at initial stage of reaction 
processes when reduced layer is less than 5 um thick [/]. 
The reaction rate is then independent of reduction layer 
thickness. However, as the reaction proceeds, if the formed 
product laver has a dense structure, diffusion of reaction 
species through product layer may become the rate-con- 
irollins process, and in this case a parabolic law is followed 
[8]. However, if the reaction product is porous or with 
channel structure throush which gaseous species can easily 
pass the interface reaction will always be rate-controlling 
process thus no matter how thick the product layer is. a 
linear relationship between thickness and time could oe 
obtained. This observation is applicable to the case of PLZT- 
based RAINBOW actuators [4] in which, micro-channel ana 
porous structure was formed in the reduction layer. This 
micro-structure could account for the observed non-para- 
bolic thickness-time relationship in the reduction processes 
of PLZT-based RAINBOWs. It should be noted that micro- 
structure of reduction layer depends on both chemical 
narure and physical properties of oxide ceramic and reduc- 
tion laver. If a verv dense piezoelectric ceramic is used, as :n 
our present case where soft PZT 3203HD ceramic (fabri- 
cated throush hot-pressing sintering) has a density  oi 
" 39 c cm-5" a quite dense reduction layer can be formed 
durins the reduction processes. The density of the reduced 
laver "has been measured to be 8.013 g mm J [5]. and SEM 
and optical micro-structure observations of the cross-section 
of the  fractured RAINBOW actuator indicate that the 
reduced laver is free of micro-cracks or micro-channels. 
Although the PLZT ceramics used for RAINBOW actuator 

fabrication in the previous studies [2.4] are also sintered 
through    hot-pressing   and   had    a    high    density    of 
- 9° ^ mm"\ the reduced layer of the PLZT-based RAIN- 
BOW actuator is less dense than those fabricated by sott 
PZT 'TJ3HD ceramics in our studies. The density of the 
reduced laver of PLZT-based RAINBOW is 8.00 g mm ' 
which is ai'ven in [91. Some pores, micro-cracks and micro- 
channels "have been observed in previous stuüies [4]. It is 
also found in our expenments. the reduction rate in the PZ1- 
based RAINBOW fabrication processing is lower than that 
in fabricating PLZT-based RAINBOW actuators, since a 
much longer reduction time has to be used to achieve a 
comparable reduction thickness at the same reduction tem- 
perature as compared with previous studies where PLZT 
ceramics were reduced at 975 C for a certain period of ume 
.usuallv less than 1 h) [14]. Therefore, in the reduction 
processing of soft PZT-based RAINBOWs. diffusion of 
reaction species through the reduction layer could be the 
rate-controllins process. This argument is supported by the 
observation in Fie. 2. While in fabricating PLZT-based 
RAINBOW actuators, interface or boundary diffusion could 
be the rate-controlline process and an approximate linear 
relationship exists between reduction thickness and time, as 
observed in previous studies [2.4]. The different results 
obtained in the present and previous studies may be attrib- 
uted to the composition difference in PZT and PLZT 
ceramics. The Lanthanum dopant in PLZT ceramics may 
result in hisher chemical reactivity of PLZT ceramics, faster 
reduction processing and as a result, different reduction 
laver micro-structure as compared with soft PZT ceramics. 

Fia 3 schematically shows the possible chemical reac- 
tions'occurrins in the hish temperature fabrication proces- 
sing of soft PZT-based RAINBOW actuators. The chemical 
reactions which mav occur inside the reduced layer and at 

Pb(Zr,Ti,,)03 <- -> PbO + y ZrTiO. + z ZrO, + w Ti02 QP = 1/2Q, -V;"-2e'| 

PbO- -> Pb(g) +1/2 02 (g) 
PbO- ->Pb(l) +1/2 0, (g) 
TiO-- ->TiO„ ^ x/2 02 (g) 
ZrO,- -> ZrO,., + x/2 0, (g) 

1/2 0, 

^:i/2Ö;':[^j;;4;Y^'.1/2 

iiiiiiiiiiiiililiii* 
C + 1/2 0t 

C- 0, 
->co 
->co, 

CO. C02 

PZT layer 

Reduced layer 

Graphite 

Fl, , Chemical reacuons occurs in the fabneauon process of PZT-based RAINBOW ac.ua.or. 
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interfaces of both graphite/reduced layer and reduced layer/ 
PZT layer during high temperature treatment are listed as 
follows: 

Case 1: At graphite/reduced layer interface: 

Cis) -*0:lg) CO(g) 

CKs) -0;«g) CO: (g) 

CO (g1 - 40; (g) CO; (g: 

(1) 

(21 

(3^1 

Two possible sources provide oxygen for the above reac- 
tions, one is oxygen coming from air through interface 
diffusion, the other is oxygen taken from PZT ceramics 
by which PZT ceramic is reduced. 

Case 2: Inside the reduced layer. 

Pb(ZrvTii_.v)0? PbO -yZrTiO.» -iZrO; - »TiO: 

PbO (si Pb(l)+iO:(g: 

PbOis: Pb(g)-40;(g; 

ZrO;: s i ZrO;_.v - 40; (g; 

TiO; ■ S ' TiO;.,. - '- 0; ig: >4) 

Case 3: At reduced layer/PZT layer interface, the B-site 
ions. i.e.. Ti. Zr and Nb (Nb is the major dopant in soft PZT 
ceramics i are transition metal ions which have various 
valency states. At reducing atmosphere, as in the cases of 
formation of semi-conductor ceramics TiO;_.v, ZrO;_v and 
Nb;Of _...- under reduced atmosphere [10.11]. the following 
defect chemical reaction exists for PZT ceramics: 

O0=*0::g;-^ O) 

Obviously, the liberation of oxygen results in the formation 
and diffusion of oxygen vacancies in opposite direction, 
which could be the rate-controlling process for this reduc- 
tion processing of RAINBOW actuator. As reduction reac- 
tion proceeds at elevated temperatures, more and more 
oxygen will be consumed. Some PZT ceramic will become 
semi-conducting due to the loss of oxygen and the formation 
of weakly trapped electrons. Some PZT ceramics will be 
decomposed to mixture of oxides such as PbO. ZrO; and 
TiO;. Some metal Pb will also be formed and located 
intergranularly in reduced layer. This leads to the metallic 
conduction behavior of reduced layer. 

The equilibrium partial pressure of oxygen at graphite/ 
ceramic interface under high temperature condition is an 
important parameter to evaluate the reduction processing. 
For Eq. (1; and Eq. (2). we can write the following equa- 
tions: 

*i =• 
Pco 

Pro, 

acPQ. 

(6) 

ii) 

where k~: and k2 are chemical reaction constants for Eq. (1) 
and Eq. (2). aK is the activity of solid graphite, and PQ- • Pco 

and Pco- are partial pressures of oxygen, carbon monoxide 
and carbon dioxide gases, respectively. 

Gibbs free energy for any chemical reaction can be 
exDressed as 

AC = AG° -RT'mk (8) 

At equilibrium. AC = 0. for Eq. (1) and Eq. (2). we can 
have 

Pco 

Oc\    i^O; 
: = exp 

-AC? 
FT 

-   CO; 

acP0. 
= exp 

AG?\ 
' RT ) 

(91 

(10) 

3ecause the reaction proceeds at atmospheric condition, the 
following condition is satisfied 

PO- ~ PCO -PC0:= 0.21 (11) 

the activity of solid graphite ac can be assumed to be 1. The 
values of AC? and AC? are 

AG?OO.gj = -111710-87.657   (J./mole; 

ACT?;CO;. g] = -394130 - 0.847   (J/mole) 

which is obtained from [8]. Therefore, the equilibrium 
partial pressure of 0:. CO and CO; can be calculated by 
Eqs. (9>-(ll). If we assume the reaction temperature is 
1000:C. then AC? and AC? are approximately 
—223.29 kJ and -393.06 Id. respectively. The equilibrium 
partial pressure of oxygen at the graphite/ceramic interface 
is about 2.1 x 10~"°. which is very small, indicating that 
the oxygen concentration gradient is established between 
the two interfaces of graphite/reduced layer, and reduced 
iayer/PZT layer. This concentration gradient is the driving 
force for oxygen transport and oxygen vacancy diffusion in 
the reduced layer. The equilibrium partial pressures of 
carbon monoxide and carbon dioxide are about 0.2097 
and 0.0003. respectively at the interface. Therefore, most 
graphite is oxidized to CO rather than CO; at the interface. 
It should be noted that the chemical reactions at the inter- 
faces are far from equilibrium and the above calculations 
and results based on equilibrium condition are only used to 
demonstrate that the existence of an oxygen concentration 
gradient provides the driving force of the reduction proces- 
sing. With sufficient time PZT sample will be completely 
reduced. 

For diffusion controlled process, the increase rate of 
product layer is proportional to chemical potential differ- 
ence between the two interfaces but inversely proportional 
to the diffusion distance, i.e.. 

d7~ rT" (12) 

where L is diffusion rate constant. AM the difference of 
chemical potential between the two interfaces. A> is directly 
proportional to diffusion coefficient for diffusion controlled 
process and Aß can be treated as a constant for a ziven 
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process at a given temperature. Integrating Eq. (12). 

/   hdli = K[      A/zd/ 
Jo •"" 

Thus 

Ir = 2k'j - A 
(13) 

where A is a constant and *; the parabolic rate constant. 
W^n A = o Eq. (12) is the ideal parabolic law. Parabolic 
rate constant at different reaction temperature can De cal- 
culated usins the above equation and data shown in Fig__. 
In R° 4. diffusion rate constant Vt is plotted against 1/Tin 
lo-arithmic scale, which is fined into a straight line. The 
temperature dependence of reduction shown in Fig. 4 indi- 
cates that a thermally activated process with constant acti- 
vation enerev is present which supports that the same 
reduction mechanism exits over the temperature range rrom 
975:C to 1085X. By using Arrhenius equation 

(    Q\ (14) 
/cr = toexp^--j 

activation energy Q for this diffusion process _can be 
obtained,   which  is   approximately   113 kJ mole       and 
t, = 98x 10-7 m: s-;' Jfco is weakly related to temperature 
and usuallv can be treated as a constant in certain tempera- 
ture ran«. These parameters can be used to predict the 
reduction thickness in RAINBOW fabrication processing. It 
should be noted that the above results and discussion are 
obtained usins PZT-5H type high density ceramics, i.e.. 
Motorola soft PZT 3203HD. For RAINBOW actuator :ao- 
rication usins other piezoelectric materials, parameters 
could be different because the kinetic process is strongly 
dependent on materials properties such as micro-structure, 
.rain size and arain size uniformity, density,  dopants, 
chemical reactivirv. etc. In our experiments, we also pre- 
pared RAINBOW actuators using a similar ceramic mate- 
rial ie  PK1550(Piezo Kinetics. Bellefonte. PA) which has 

-23.8 

-24.2 

-24.4 - 

-24.6 

-24.8 
i | | i , ■ ■ ' ■    i i I i i i i r i i i 

8 8.1 

a similar chemical composition with PZT-5For_ PZT 

3-WHD. However, the reduction Proce^™;X ,! 
cos rved to be much faster than that for PZT ,2CbHD. In 
aSd ion. metallic lead spheres are observed after reduc ion 
of PKI550 ceramic wafers at 975X for 30 mm. indicating 
that liquid metallic lead formed in the high temperature 
reduction processing is not stable in the mtergranular loca- 
tions These observation can be understood by considering 
ceramic density and micro-structure. Therefore, the reduc- 
tion process and processing parameters are varied with the 
Piezoelectric ceramics used for RAINBOW actuator fabri- 
cation. Usually, piezoelectric ceramics with higi density 
and good micro-structural uniformity are desired for RAIN- 

BOW actuator fabrication. 

4. Conclusions 

In summarv. hieh temperature reduction processing for 
RAINBOW actuator fabrication is discussed from both 
thermodvnamic and kinetic considerations. It was found 
that the reduction reaction of high density soft PZT ceramic 
is a diffusion-controlled process. Equilibrium oxygen par- 
tial   pressure   at   graphite/ceramic   interface   is   about 
-> 1 x 1CT20   The  concentration  gradients  between  the 
;vo interfaces, i.e.. graphite/reduced layer interface and 
reduced laver/PZT layer interface, are the driving force 
for oxygen transport and oxygen vacancy diffusion in the 
reduction laver. At interface, most graphite is oxidized to 
carbon monoxide rather than carbon dioxide gas phases. 
The kinetic process fits well with parabolic law. Diffusion 
rate constant and activation energy are calculated based on 
the experimental data in the temperature range from 975 L 
to 1085X. These parameters can be used to predict the 
reduction laver thickness at a given temperature. 
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Abstract 

aJ,r7"al aCmat°r' based 0n *e c°ncePt of mechanical amplification of piezoelectric shear strain and capable of eeneratin' laree 

poled along 4e length, which are adhesively bonded together, and the joint, act as electrodes to applv the driving völlige 

TJTZ    ,        meTd °D the Pr0t°** *" (i) Pr°ve ±S pr°P°Sed COnC^ °f mechanical -P^-on of Si Ä'ecä 
m) deZs«f,Tt TH    

?e t0rS1°nal mOti0n-(Ii) Sh°W *" the aCtUat°r ftaction* WeU ** Wlth°ul ^ and under the ttrqTeToad 1 (in) demonstrate that the actuator can operate continuously for a long period of time without drop in its performance Also the results 

SZTSi    \     Pr0P0Sed t0rS10nal "1S CapaWe °f Pr0dUCmg b0th large «*» «*»larse ««*" d~mem" ? ompa 
of ttfohv o      H       

meet 77 Sman StrUCtUreS re*™>*- «* =» bs «ao«l to a variety of application reauirements M  one 
the anlllT f *****   ,     *?"* **" °f *" "*""* " ta SUnPlici^ ^ Ptaoetocnic shear strain ,s transformed S£v into 
omS^thP ?rm-       T " ^ PreVi0USly rep0ned aCmat0rS- ** C0DVersion mec™ **> ««* ^ional rnTon wS nZ complicated which thus required a sophisticated design of the whole system. © 2000 Elsevier Science S.A. All rights reserved. 

Keywords: Torsional actuator. Shear strain; Piezoelectric ceramics: Xoniinearitv: Reliability 

1. Introduction 

Piezoelectric ceramic materials, such as lead zirconate 
titanate (PZT) are now widely used in solid-state actuators 
and sensors which were designed for numerous applica- 
tions, such as precision positioning, noise and vibration 
sensing and cancellation, linear motors, and many others 
[1.2]. In many of those applications, a large torsional 
displacement is required, for example, in robotics to 
achieve the rmcropositioning [3,4], in CD drivers [5]. in 
helicopters to control the trailing edge flaps (TEF) of rotor 
blades [6-8], etc. To meet this demands, many works have 
recently been devoted to the development of actuators 
capable of generating a large angular displacement with a 
large torque output [3-9] from the piezoelectric strain. 

" Corresponding author. Tel: +1-814-863-7846: fax:  + 1-814-86?- 
7846: E-mail: qxzl @psu.edu 

0924-4247/00/S - see front matter C 2000 Ssevier Science S.A All rieht* 
PU: S0924-4247(99)00250-2 

Recently, a novel type of torsional actuator has been 
proposed [10]. Its concept is to use shear piezoelectric 
effect and tubular geometry in order to generate the angu- 
lar displacement. The advantages of this design included) 
the possibility to obtain large angular displacement by 
using the geometrical amplification, L/R (where I and R 
are the length and the radius of the tube, respectively). 
Also, (ii) in most piezoelectric ceramic materials, the shear 
piezoelectric coefficient, dl5, has the highest value among 
piezoelectric coefficients, which also contributes to devel- 
oping large values of torsional angle and torque output. 
Finally, (iii) the design is simple, because the piezoelectric 
shear strain is transformed directly into the angular dis- 
placement (whereas in the previously reported actuators, 
the conversion mechanism into the torsional motion was' 
rather complicated, including the use of hinges, which thus 
required a sophisticated design of the whole system [4-9]). 

It is the purpose of this paper to continue'the studv of 
the proposed torsional actuator and report the results of the 

reserved. 
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detailed tests of its performance, which addresses both the 
device and material issues. The former include operation 
0f the actuator in different conditions, such as without 
load, under the torque load, and at electromechanical 
resonance. Material issues are related with the utilization 
in this actuator of piezoelectric shear response of PZT 
ceramics, which has not yet received a broad use in the 
actuator applications. They include fatigue behavior, me- 
chanical strength and nonlinear shear piezoelectric re- 
sponse of PZT ceramics. 

2. Actuator design 

An idea of the torsional actuator proposed recently [10] 
and studied in this work is to use the shear piezoelectric 
effect, where the external electric field is applied perpen- 
dicular to the direction of the remanent polarization, Pt 

(Fi2. 1(a)). in order to produce the angular displacement. A 
schematic view of the actuator is shown in Fig. 1(b). The 
actuator is a tube consisting of an even number of piezo- 
electric ceramic segments which are adhesively bonded 
tosether using a conductive epoxy, which acts as elec- 
trodes to apply the driving field E. The segments are 
poled along the length, where the polarization direction 
alternates between adjacent segments. Since the segments 
are electrically connected in parallel, they will exhibit a 
coherent shear deformation under the applied electric field. 
The cylindrical symmetry of the actuator will directly 
transform the shear strain. S5=dl5E. induced in each 
segment into the angular displacement, ß. of the top of the 
tube with respect to its bottom (Fig. 1(b)) which is equal 
to: 

/3 = 
L 

■d.,E, (1) 

strain is usually quite small in the piezoelectric materials, a 
large torsional displacement ß can be achieved by using a 
tubular structure with a large ratio of L/Rour Using elastic 
properties of tube-shaped samples [11], the torque, rdev, 
developed by the actuator can be found as: 

T,„. = 
Tr(Kui~Rtn) 

2suR0Ut 
dl5E. (2) 

where L is the length of the tube and Rom is its outer 
radius. This equation shows that even though the shear 

where s^ is the shear elastic compliance of the material 
and Rm is the inner radius of the tube. According to Eq. 
(2). the torque Tdev is independent of the length of the 
rube, even though the angular displacement ß increases 
linearly with L. Eq. (1). 

3. Experimental 

Prototype torsional actuators were fabricated from the 
commercial piezoelectric ceramic tubes of composition 
PZT-5A ("EDO", USA). Each tube was first cut into 
eight segments, which then were poled along the length 
using a continuous poling technique [12]. Finally, the 
segments were bonded together using a silver-filled epoxy 
adhesive MB-10HT/S ("Master Bond", USA), which 
was selected because it has both high shear strength, and is 
easy to process. This adhesive compound was coated on 
both surfaces of the segments, which were then assembled 
into the tubular actuator according to the design shown in 
Fig. Kb), and cured at 125:C for 1 h using a vacuum 
bagging process. Consolidation of the joints by vacuum 
bagging lead to joints typically 25 u.m in thickness and 
very uniform along their length [12]. The assembled sin- 
gle-tube prototype actuator had the following dimensions: 
R.n = 0.96 cm. Ram = 1.27 cm. and L = 6.35 cm. so that 
the aspect ratio in Eq. (1) was equal to L/Roul = 5. 

According to Eq. (1). in the proposed design of tor- 
sional actuator, the angle ß increases linearly with the 
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Fie. 1. <a; In piezoelectric shear effect, electric field. E. is applied perpendicular to the direction of the remanent polarization. Pr, thus, producing the shear 
strain. 5« =» <f.«£, in the sample. Solid and dashed lines show the sample before and after deformation, respectively, lb) The proposed torsional actuator is 
a tube consisting of an even number of the segments of piezoelectric ceramics which are poled along the length and bonded together using a conductive 
spoxy. The polarization direction alternates between adjacent segments, as shown with arrows on the left. The electric field. E, is applied perpendicular to 
Pr. and also has opposite directions in neighboring segments (as shown with arrows on the right). Therefore, depending upon the polarity of applied 
voltage, the top of the tube will twist by angle ß either clockwise or counterclockwise with respect to its bottom. 
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Fig. 2. A photograph of the set-up used for the study of the effect of 
external static torque on the response of the torsionai actuator. 

length L of the actuator. To test this hypothesis, two 
identical tubes with the dimensions described above were 
joint together lengthwise. The test included the characteri- 
zation of the tubes before and after the joining them 
together. 

To characterize the actuator, the torsionai angle pro- 
duced by the applied electric field was measured in the 
following experiments. In the load-free conditions, ß was 
measured as a function of the amplitude and frequency of 
the ac driving field. Also, electrical fatigue te>t was per- 
formed, where the ac field with a fixed amplitude and 
frequency was applied to the actuator, and ß was moni- 
tored as a function of time. Under the torque load. T. the 
torsionai angle was measured as a function of dc and ac 
electric driving field at different values of T. 

In all experiments, the actuator was tightly clamped 
with its bottom to the optical table, and its top was free to 
twist due to the applied electric field. In order to measure 
ß. a small mirror was attached on the top of the rube and 
the distance change between the mirror and the optical 
fiber probe of a iMTI-2000 fotonic sensor was measured. 
The electrical output signal from the MTI-2000 was moni- 
tored using an oscilloscope or SR-830 lock-in amplifier. 

The effect of the torque load on the actuator perfor- 
mance was studied using a special set-up (Fig. 2) which 
was developed in Materials Research Laboratory [13]. 
Although, there are commercial torque load test machines 
available, they are not suitable for the torque load test of 
torsionai actuators. The main reason is that these machines 
were mainly designed to test the properties of the metals. 
and therefore deal with the magnitudes of torque and 
twisting angle which are much larger than those expected 
for the piezoelectric actuators. Additionally, the commer- 
cial machines are very expensive, which does not justify 
their purchase and the following modification to meet the 
requirements of experiments with actuators. In the devel- 
oped set-up (Fig. 2). the external torque was produced by 
applying a force to the lever using springs with different 
elastic constants. 

4. Characteristics of prototype actuator 

4.1. Proof of the concept of the torsionai actuator 

Fig. 3 summarizes the data which verify the concep' 
the proposed torsionai actuator. In Fig. 3(a), the torsic 
angle measured at 10 Hz is plotted as a function of 
amplitude of the ac driving voltage for two separate n 
(open circles), and for the same tubes joint lengths 
(closed circles). For separate tubes, the actuation behav 
is almost identical and angular displacement is doub 
when the length of the actuator is increased by join: 
these two tubes. This behavior agrees with predictions 
Eq. (1). 

The further proof of the concept of the proposed t 
sional actuator is illustrated in Fig. 3(b). The plot co 
pares the data for the piezoelectric coefficient dl5 

0.3  - 

,-       0.2 
so u 
C 

0.1   - 

. . . . , . , I I I I I I I 1     ! r-T-r-T-r- 

T    - ■ -°- separate rubes 

i -•— two joint rubes 

" - 

_/ /*■ . 
j/*- _ 

-/ _...:;£       . 

""                           S^ t-J*:' 

- 
a)    - 

. . . .1 
5C0 1000 1500 2000 

U [Vrms] 

> 

2000 

1600 

1200 

aoo 

400 

. ' ' * ' * * i ■ * ' ' i 
■_ 

:   b) S- - 
- >j^T _ 

. v^^ - 
- _ 

J^S . 

■ ^dr - -•—single tube 
-*-two joint tubes ' 
—t—ceramics 

_j_ j , , ,_I_I_I_I   ,    ,    r   ,    ,   , 

0 12 3 4 5 
E    [kV/cm] 

in 

Fig. 3. (a) Angular displacement of torsionai actuator as a function of tr 
ac driving voltage for two separate tubes and two tubes joint as or 
assembly, (b) Piezoelectric shear coefficient J,} as a function of :f 
amplitude of the ac driving field. Em. Circles correspond to the da 
calculated from the torsionai angle of the actuator, consisting of a sine 
tube (closed circles) and two joint tubes (open circles), using Eq. (1). ?h 

signs show the data measured directly from the cubic ceramic sample . 
the same composition. PZT-5A. Symbols show the experimental data an 
the lines correspond to the fit of the data to the linear function. Eq. (7). ! 
(a) and (b). the frequency of the ac voltage is 10 Hz. 
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PZT-5A ceramics derived from the experimentally mea- 
sured data for /3(£m) of a single tube (closed circles) and 
two tubes joint lengthwise (open circles) using Eq. (1), 
where the amplitude £m of the driving field was substi- 
tuted for E. with dl5 values measured directly from the 
cubic ceramic samples of the same composition, PZT-5A 
("EDO", USA). As one can see. the values of the dl5 

derived from the actuators are nearly the same as those 
measured on the cubic sample. The small, less than 5%, 
difference could be attributed to the difference in the aging 
states of ceramics in segments and cubic samples. To 
summarize, the results presented in Fig. 3(a) and (b) prove 
the concept of the proposed torsional actuator, Eq. (1), that 
is, to use the shear piezoelectric effect, dl5, and the 
geometrical amplification, L/Rmi, to generate a large 
angular displacement, ß. 

4.2. Evaluation of torsional angle and torque output 

The results reported in Section 4.1 demonstrate that 
knowing the material properties, dls, the magnitude of 
driving electric field, E, and the tube dimensions, L and 
Roat, the torsional angle produced by the actuator (Fig. 
Kb)) can be calculated using Eq. (1). 

In order to evaluate the torque output. 7"dev, developed 
by the actuator, we studied the effect of the torque load on 
static response of the prototypes. In these experiments, a 
static torque. T. was first applied to the actuator, thus, 
producing its initial twisting, ß0. Afterwards, a dc field 
was turned on. with ±e polarity to induce a twisting of the 
actuator in the direction opposite to ß0. In Fig. 4, the 
torsional angle ß measured on the two joint tubes is 
plotted as a function of the driving field at different torque 
loads. The blocking torque of the actuator can be evaluated 
from the intersection of the curve ß{E) measured at a 
fixed torque load, with the dashed line corresponding to 
ß = 0. The zero torsional angle means that at that value of 
the electric driving field the absolute value of the torque, 
Tdev, developed by the actuator is equal to the external 
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Fig. 4. Torsional angle of the two-rube actuator is plotted as a function of 
applied dc field at different external static torque. 

Fig. 5. The effect of the static torque on the dynamic response of the 
torsional actuator. The values of the piezoelectric coefficient dsi calcu- 
lated from the data on the torsional angle are plotted as a function of the 
amplitude of the ac driving field The frequency of the field is 10 Hz. The 
values of applied torque are given in the legend. 

static torque. T. For example, at £ = 2.5 kV/cm, the 
torque output is approximately equal to Ticv - 6 N m, as 
can be concluded from the curve measured under external 
torque of 6 N m, Fig. 4. 

4.3. Effect of the torque load on actuator performance 

The effect of the torque load on the static response of 
the prototype actuator is illustrated in Fig. 4 for the 
two-tube assembly. This data clearly demonstrates that the 
torque load almost does not change the response of the 
actuator to the dc field, because the initial twisting, /30, 
can be completely nullified by the appropriate choice of 
the magnitude of the electric field, and because the slope 
of ß(E) curve, which according to Eq. (1) gives the shear 
piezoelectric coefficient. dl5(E). does not show marked 
change with increasing T (cf. Fig. 4). Similar result was 
obtained for the single tube actuator. 

In the experiment of investigating the effect of external 
torque on the dynamic response of the prototype actuator, 
an ac driving field of 10 Hz was applied to the actuator 
and the torsional angle was measured as a function of the 
ac field amplitude and the torque load. Fig. 5 shows the 
plot of the ac field dependence of piezoelectric coefficient 
dl5 derived from the data on /?(£-,) using Eq. (1). Similar 
to the static response, the external torque does not affect 
significantly the actuator response to the ac field. Applica- 
tion of the torque results only in a small, less that 10%, 
change in d,5 from its value measured under load-free 
condition. T — 0 N m. With the further increase in T, the 
di: remains nearly constant (Fig. 5). 

4.4. Frequency dependence of torsional angle 

The frequency dependence of the torsional angle was 
measured within the frequency range 3-600 Hz under a 
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Fig. 6. (a) Frequency dependence of the torsional angle normalized over 
its static value (solid line) and of the electrical admittance of the torsional 
actuator (dashed line), (b) Equivalent circuit corresponding to the tor- 
sional actuator around its resonance frequency. fr = 6 kHz. 

relatively large electric fields. £m = 2 kV/cm. Only a 
minor decrease in ß. equal to 3% per decade, with increas- 
ing frequency was observed. 

For small electric fields. Em = 50 V/cm, the frequency 
dependence of ß was measured over a broad frequency 
range from 100 Hz to 20 kHz. In Fig. 6(a), the solid line 
shows the frequency dependence of the ratio /3(/)//3(0). 
where ß(0) corresponds to the low-frequency value of the 
torsional angle, given by Eq. (1). A series of the peaks are 
seen in this curve. A comparison of ß(f) with the fre- 
quency dependence of the electrical admittance of the 
actuator (dashed line in Fig. 6(a)) shows that the peaks 
occur at resonance and antiresonance frequencies of the 
tube, which correspond to the maximum and minimum 
admittance, respectively. 

In order to understand the origin of these peaks, we 
performed a theoretical analysis of the acoustic modes 
propagating in the tube. The analysis showed that the 
resonance peaks are related with the shear mode propagat- 
ing along the axis z of the tube. i.e.. along its length. 
When the bottom, z = 0, of the tube is mechanically 
clamped, and the top, z = L, is free, the angular displace- 
ment at the top of the tube can be written as: 

L   tan aL 
ß = dl5E- —. (3) 

and the electrical admittance of the actuator is given by: 

/ tan aL \ 
Y=;27r/Cn

T| 1 - k-5 + *?s-^- J • <4) 

where a = 2-rrf{psZ (p is the density of PZT), fcis is 
shear electromechanical coupling coefficient, and C0 is 
the electrical capacitance of the tube in stress-free condi- 
tion. The resonances occur when aL = rnr/2 (n is the odd 
value), which gives the resonance frequency equal to: 
/r = n/AL(psZ- Using Eq. (4). around the first resonance 
frequency /r with n-l, we can substitute the tube with 
the equivalent circuit which is shown in Fig. 6(b). In this 
circuit, C0 = Cj\l - fc?5), /V = dl5(R0U[ - R^/s^, Cm = 
$Ls^/ir}(R2

0Ut-Ri\ Lm - l/(27r/r)
2CM, and we took 

into account mechanical losses in the actuator by introduc- 
ing R~l =2-rrfCmQm, where Qm is the mechanical qual- 
ity factor. Using the equivalent circuit, one can show that 
at resonance frequency, /r, the time dependence of the 
torsional ansle is given by: 

/3 = ^^^sin(2^r-90=), (5) 

dl5E- 
a. aL 

when the electric driving field changes with time as: 
£(r) = £msin(2-r/rr). Eq. (5) shows that at resonance there 
is a phase shift of -90° between the torsional angle and 
the driving field, and that the amplitude of the torsional 
angle should be amplified by the factor of 8<2m/"" 
compared to the low-frequency value given by Eq. (1). 

Inspection of the experimental data showed that the 
model can fit the data nicely. Using actuator dimensions 
and material datasheet from "EDO", the resonance fre- 
quencies corresponding to n = 1. 3, 5 were estimated as: 
6.2. 18.6. and 31 kHz. respectively, and were in a good 
agreement with the positions of the maxima in electrical 
admittance in Fig. 6(a). Also, from the peak in ß(f)/ß(0) 
corresponding to the first resonance in Fig. 6(a). the 
mechanical quality factor of the actuator can be deter- 
mined as Qm = 22. This values closely compares with that 
determined from the half-width of the electrical conduc- 
tance of the tube, which gave Qm ~ 20. Finally, in direct 
measurements of the torsional angle, at resonance. fr = 6 
kHz. we observed the phase shift between ß(t) and driv- 
ing field £(f) very close to -90°. All these data indicate 
that the torsional actuator performed well also in resonance 
conditions. 

The additional angular amplification of the torsional 
angle by a factor of 8ßm/Tr- at resonance frequency is 
very important for possible application of the torsional 
actuator in the piezoelectric motors, where the actuators 
usually operate in a resonance mode. To make the stator of 
the motor, the tube shown in Fig. Kb) may be combined 
with another piezoelectric actuator generating longitudinal 
displacement. The combination of torsional and longitudi- 
nal displacements will produce an elliptical motion of the 
contact surface between the stator and rotor, which may be 
necessary to spin the rotor [14]. 
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4.5. Reliability test of prototype actuator 

At present, most commercially available solid state 
actuators are fabricated of the ferroelectric ceramics PZT. 
A common feature of ferroelecnic materials is a fatigue, or 
a degradation of their properties caused by cycling them 
with~the electrical field of large magnitude. In addition, in 
the tubular assembly of the actuator (Fig. Kb)), there is 
also a possibility of the fatigue caused by bonding layer 
between segments. Therefore, the reliability test of the 
actuator should include the study of time variation of 
actuator performance related with its fatigue under re- 
quired operation conditions. 

In present work, the actuator was driven by an ac field 
of amplitude £m = 1-5 kV/cm and frequency 20 Hz. The 
change in the torsional angle with time was monitored 
usins a MTI-2000 fotonic sensor and lock-in amplifier. 
Fie.~7 shows ß as a function of the number of the fatigue 
cycles. N. As one can see. the torsional angle remains 
nearly constant with N up to 3 • 106 cycles (which corre- 
sponds to 2 days of continuous operation). This result 
indicates that there is no degradation of torsional actuator 
caused by large ac driving field. 

The absence of the fatigue shown in Fig. 7 agrees with 
the results of other studies of the fatigue in ferroelectric 
ceramics. For example, it was shown [15] that the fatigue 
in PZT ceramics was observed only when the amplitude of 
the ac driving field exceeded the coercive field, and, thus, 
caused the switching of the spontaneous polarization. The 
fatieue occurred already after 1CT cycles. At the same 
time, when the driving field was smaller than the coercive 
field (even being very close to it), no fatigue was ob- 
served, up to id"6 cycles [15]. Based on this result, one 
should not expect electrical fatigue in the case of the 
torsional actuator studied in this work. This is because in 
this actuator one uses the shear piezoelectric effect, where 
the electric field is applied in the direction perpendicular to 
the spontaneous polarization, and drives the material with 

field lower than the coercive field, in order not to switch 
the polarization in the direction along the field. 

For torsional actuators studied in this work, the experi- 
ments were limited to the use of the driving field or 
£ — 2-3 kV/cm. This limit was mostly determined by 
the desire to avoid a possible damage to the actuator due to 
the electrical short circuit related with the discharge over 
the surface of the segments, which was observed above 
approximately 3-3.5 kV/cm. If special precautions, re- 
lated with an electrical insulation of the contacts are made. 
the electric driving field can be significantly higher. Spe- 
cial test was performed on a cubic sample of PZT-5A 
immersed into silicone oil. where electric field was applied 
in the direction perpendicular to the spontaneous polariza- 
tion, and the shear strain. 55(£). was measured using 
MTI-2000 fotonic sensor. With electric fields as high as 
£ = 9 kV/cm, no evidence for the polarization switching 
into direction along the electric field was observed: the 
field dependence of induced strain. 5,(£), had a cigar-like 
shape and remained fully reversible upon increase and 
decrease of the field amplitude. Em. If the polarization 
switching occurred, the strain would change from shear to 
lonsitudinal one and its field dependence would have a 
shape of the "butterfly loop", which characterizes the 
strain related with the polarization reversal in ferroelectric 

materials [16]. 
Another reliability test included the measurements or 

the mechanical strength of the torsional actuator. The 
results of this study wül be published separately. Here, we 
mention only that the mechanical fracture strength of the 
actuator was determined by the mechanical strength of 
PZT ceramics, and not by the joints between ceramic 
segments. This conclusion was suggested by the inspection 
ofthe fragments of the broken prototype actuator, and was 
supported" by the fact that the fracture shear stress of the 
tube. o-fr = 13 MP*- almost coincided with that of PZT 
ceramics of the same composition, crfr = 14 MPa. which 
was measured for the cubic ceramic sample [17]. 
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5. Tailoring of the characteristics of the torsional actua- 
tor for different applications 

The specific values of torsional angle and torque output 
can be different for each particular application. Using the 
results obtained in this work we can evaluate the proposed 
torsional actuator to its application in helicopter rotor 
blades in TEF, where the actuation should reduce the 
vibration and improve the lifting power [6-8]. The eight 
seat commercial helicopter [12] requires the following 
values: /3= ±4° and 7^ =5 ± 3 N m. The prototype 
torsional actuators made of PZT-5A ceramics has dl5 = 
1800 pm/V at E - 4 kV/cm (Fig. 3(b)), which yields the 
an<nilar displacement ß= -0A" (for L//?om= 10). and 
the torque output T& = 40 N m. Even though the angular 
displacement is smaller than the required values, it can be 
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Fig. 8. Shear strain calculated from the experimentally measured values 
of the torsional angle is plotted as a function of the external staric torque 
at different values of the dc driving voltage. Closed symbols correspond 
to the actuator consisting of two joint tubes and open circles show the 
data for the single tube. 

increased by using an additional amplification mecha- 
nisms. Possible solutions include either hinges (in this 
case, some excess torque output can be traded off. since 
T^. is much larger than the value required for TEF 
application) or an accumulation of displacement over many- 
periods of the ac driving voltage. The latter approach is 
employed in linear '•inchworm'" actuators or ultrasonic 
motors. Based on tubular actuator described in this work, a 
torsional '■inchworm'* motor was developed. As will be 
shown in a separate publication [18], the motor produces a 
smooth stepwise motion within 360° interval with a precise 
control over angular positioning. These features make the 
motor useful for various applications, not only the active 
control of TEF. 

Each particular application will set the requirements not 
only for the absolute values of the torsional angle and/or 
torque developed, but also will limit the actuator dimen- 
sions. Based on the result of this study, we can sussest the 
following ways to improve the characteristics of "the pro- 
posed torsional actuator. The increase in the magnitude of 
induced shear strain. 55 = d.,E. will result in the increase 
of both ß and rdev, as predicted by Eqs. (1) and (2). This 
implies the use of larger values of driving electric field and 
the development the new piezoelectric materials with bisher 
values of shear piezoelectric coefficient. diS (see Section 
6). From the engineering point of view, the increase in the 
torque output of the actuator. Eq. (2), can be achieved by 
using the tube with a larger outer radius, Äout (which give's 
an increase proportional to Ä^t), and with a smaller ratio 

At this point, we would like to stress one important 
advantage of the present tubular design of the torsional 
actuator. As predicted by Eq. (1), the tube with a larger 
length L will produce larger torsional angle, whereas the 
torque output will remain the same, Eq. (2). We can prove 
this statement using the experimental results for the single 
tube and for the two tubes joint lengthwise. Fig. 3(a) 

already showed that the joining two identical tubes double 
the torsional angle. To demonstrate that the torque outpu 
remains the same, for the same tubes we compare the dat. 
for the torsional angle, ß. measured as a function of stati. 
torque load. T, at different magnitudes of the dc drivim. 
voltage. Using Eq. (1). we calculate the shear strain as 
ss = J3Ä0UI/I. and plot the data for S,(T) in Fig. 8. As one 
can see, for the same value of the driving field, the data foi 
single tube and two joint tubes agree well. Since according 
to Eq. (2), the shear strain produces the torque 7^,., this 
result indicates that for tubular actuator, the torque output 
is independent of the length of the tube. 

The last feature represents an important advantage of 
the present design of torsional actuator over another design 
based on piezoelectric bimorphs where the displacement of 
the tip of the bimorph due to its bending under the driving 
electric field is convened into the torsional motion using 
the system of levers [6]. In the bimorph system, the 
produced torsional angle depends upon the displacement of 
the tip of the bimorph, 77. Since 17 changes with the length. 
Lb, of the bimorph. as [19] r> a L\, the longer the bimorph. 
the larger should be the torsional angle ß. However, the 
increase in L „ will result simultaneously in the decrease of 
the force, F. developed by the bimorph. since the force is 
inversely proportional to the length of the bimorph: [19] 
F a L;1. In contrast, the tubular actuator (Fig. 1(b)) is free 
of this drawback, because, as we showed before, its torque 
output is independent of the length. L. of the tube. There- 
fore, by increasing L. one can achieve larger torsional 
angle. Eq. (1): ßaL/Ryir without drop in the produced 
torque. 

Finally, we suggest that instead of increasing the length 
of the tube, larger values of the torsional angle can "be 
achieved by a slight modification of the actuator geometry. 
One alternative to the tubular assembly (Fig. 1(b)) is a 
conical actuator which is schematically drawn in Fig. 9. 
The advantage of this configuration is that the radius of the 
end 1 can be made much larger than that of the end 2. If 
end 1 is fixed at a support and end 2 generates the 
twisting, this design is quite desirable. For conical geome- 
try, the length. I, of the ceramic segments becomes"lonaer 

"end 2" "end 1" 

piezoelectric ceramics 

organic matrix 

Fig. 9. Schematic drawing of the torsional actuator fabricated in the form 
or the cone. It is expected, that in the real application, the end 1 is fixed . 
at a support, while the torsional displacement is produced at the end :. 



than that in the tubular structure (Fig. Kb)), and the 
effective outer radius of the actuator, Rom, becomes 
smaller, since now it is the radius of the actuator at the end 
2 The combined effect will be the increase in the amplifi- 
cation factor. L/RMt, in Eq. (1) and, therefore, in the 
produced torsional angle. 

6. Nonlinear piezoelectric effect 

In actuator and transducer applications, the piezoelectric 
ceramics is often subjected to high electric fields where the 
electric field dependence of induced strain is strongly 
nonlinear [2]. It is believed that the nonlinearity of the 
piezoelectric response of PZT ceramics is controlled by the 
irreversible displacement of domain walls [20-22] which 
separate resions of the material with different orientation 
of spontaneous polarization. The domain wall motion may 
be affected by many factors, including the crystal structure 
and microstructure of ceramics, the presence of impurities, 
dopants, defects, and a local variation in the composition 
of ceramics [2.21]. Possible mechanisms of domain wall 
motions have recently been discussed in detail in Refs. 

[21.22]. 
Shear piezoelectric response of PZToA strongly de- 

pends upon the magnitude of the driving electric field. 
This is evident from Fig. 3(b). where one can see that at 
£ = 3 kV/cm. the magnitude of piezoelectric shear coeffi- 
cient! d„. of PZT-5A is doubled compared to the low field 
value, which is usually reported in manufacturer datasheets. 
Also, one can see that within the studied range of the ac 
field amplitude, the data corresponding to both ceramic 
sample and tubular actuators can be fit to the linear 

function: 

d,; = d,5(0) ~ aE^, (6) 

where d",,-(0) is the low-field limit of piezoelectric shear 
coefficient and a is the parameter. The fit of the data to 
Eq- (6) is shown in Fig. 3(b) with the lines. 

This result su22ests two conclusions which are impor- 
tant for practical"application of PZT. First, the knowledge 
of how the material response changes with the amplitude 
of the drivins field and its proper mathematical description 
are important for the modeling of the device performance. 
The data shown in Fig. 3(b) contradicts to a conventional 
description of strain response of ferroelectrics, where the 
field induced strain is expressed in terms of the Taylor 
series expansion in terms of electric field. Using symmetry 
arguments, one would expect to have the following expres- 

sion for <fi;(£) [22]: 

d,s-<f;i(0)^;iS+ *:£ + •■■ (7) 

Thus for the device modeling. Eqs. (1) and (2). one should 
use the experimentally derived linear dependence of 
d,*(E). Eq. (6). rather than the polynomial expansion. Eq. 
(7). The second conclusion is important for the materials 

development for their application in torsional actuator. The 
strona chanse in the piezoelectric shear coefficient with 
electric drivins field indicates that one should optimize the 
entire characteristic </„(£) in order to achieve the highest 
value of the piezoelectric coefficient, dt5(El as a funcuon 
of the drivins field. The higher the d... the larger will be 
the values of the torsional angle and the torque output, 
according to Eqs. (1) and (2). 

7. Summary 

In this work, we performed a detailed experimental 
study of a novel type of the piezoelectric torsional actua- 
tor. The data obtained prove the proposed concept of the 
torsional actuator, show that the actuator functions well 
both without load and under the torque load, and demon- 
strate that the actuator can operate continuously for a long 
period of time without drop in its performance. Compari- 
son of the experimental data obtained on the tube and 
ceramic samples, such as piezoelectric shear coefficient. 
d„. and mechanical fracture stress, cr... indicates that the 
material properties determine the performance of the tor- 
iional actuator. Also, the experimental results demon- 
strated that the proposed torsional actuator is capable or 
producing both large torque and large angular displace- 
ment in ä compact package, sufficient to meet many smart 
structures requirements, and can be tailored for a variety of 
application requirements. Finally, one of the obvious ad- 
vantaaes of the present design of the actuator is its simplic- 
ity: the piezoelectric shear strain is transformed directly 
into the angular displacement. 

Acknowledgements 

The authors wish to thank Dr. W. Chen (PSU) for his 
help in designing the torque load set-up. and DARPA for 
the financial support of this work. 

References 

[1] K. Uchino. Eiectrostricove actuators: materials and application. Bull. 

Am. Ceram. Soc. 65 (1986) 647. 
[Z] L.E. Cross. Ferroelectric ceramics: maienais and application issues. 

Ceram. Trans. 68 (1996) 15. 
[3] Y. Fuda. T. Yoshida. Piezoelectric torsional actuator. Ferroelectrics 

160 (1994) 323. 
[4] J.  Satonobu. N. Torii. K. Nakamura. S. Ueha. Construction ot 

mesatorque hybrid transducer type ultrasonic motor. Jpn. J. Appl. 
Phvs. 35(1996)5038. 

[5] A. Yabuki. M. Aoyagi. Y. Tomikawi T. Takano. Piezoelectric 
linear motors for driving head element of CD-ROM. Jpn. J. Appl. 

Phvs. 33 < 1994) 5365. 
[6] D k. Samak. I. Chopra. A feasibility to build a smart rotor trailing 

edse flap actuation. Proc. of the  199? SPUTs North American 
Symposium on Smart Structures and Materials, Albuquerque. NM. 

1993. 



30 A.E. Glazounov et al. / Sensors and Acnmiors 79 (2000) 22-30 

[7] I. Chopra. Status of application of smart structures technology to [14] 
rococraft systems. Presented at the Innovation in rotocraft technol- 
ogy. Royal Aeronautical Society, London, June 1997. [15] 

[8] EJ\ Prechtl, S.R. Hall, Design of a high efficiency discrete servo-flap 
actuator for helicopter rotor control. SPIE Conference on Smart 
Structures and Materials. SPIE 3041 (1997) 158. [16] 

[9] M.  Aoyagi. S. Tsuchiya, Y. Tomikawa, Trial production of an 
ultrasonic motor using longitudinal and torsional vibrations of a rod [17] 
vibrator driven by piezoceramic plates inserted in its axial direction. [18] 
Jpn. J. Appl. Phys. 36 (1997) 6106. 

[10] A-E. Glazounov, Q.M. Zhang, C. Kim. Piezoelectric actuator gener- 
ating torsional displacement from piezoelectric dls shear response. [19] 
Appl Phys. Lett. 72 (1998) 2526." 

[11] P.Ch. Chou, NJ. Pagano, Elasticity: tensor, dyadic, and engineering [20] 
approaches, Dover Publications. New York. 1992, pp. 115-144. 

[12] C. Kim. D. Lewis HL C.Cm. Wu. AE. Glazounov, Q.M. Zhang, 
High authority piezoelectric torsional actuators, Presented at ISAF- [21] 
98. Montreux. Switzerland, August 1998. 

[13] A-E. Glazounov, Q.M. Zhang, C. Kim. A new torsional actuator 
based on shear piezoelectric response, SPIE Conference on Smart [22] 
Structures and Materials. SPIE 3324 (1998) 82. 

S. Ueha, Y. Tomikawa, Ultrasonic Motors, Clarendon Press, Oxford, 
1993. 
D. Wang. E. Fotinich. G. Carman. Influence of temperature on the 
electromechanical and fatigue behavior of piezoelectric ceramics. J. 
Appl. Phys. 83 (1998) 5342. 
B. Jaffe, W. Cook. H. Jaffe. Piezoelectric Ceramics, Academic 
Press. London. 1971. 
Aü. Glazounov, Q.M. Zhang, C.Cm. Wu, C. Kim. to be published. 
A-E. Glazounov, S. Wang, Q.M. Zhang, C. Kim, High efficiency 
piezoelectric motor combining continuous rotation with precise con- 
trol over angular positioning, submitted to Appl. Phys. Lett. 
V.D. Kugel. S. Chadran. LE. Cross. Caterpillar-type piezoelectric 
d„ bimorph transducer. AppL Phys. Lett. 69 (1996) 2021. 
Q.M. Zhang, W.Y. Pan, S J. Jang, L.E. Cross. Domain wall excita- 
tions and their contributions to the weak-signal response of doped 
lead zirconate titanate ceramics. J. Appl. Phys. 64 (1988) 6445. 
D.  Damjanovic, Stress and rrequency dependence of the direct 
piezoelectric effect in ferroelectric ceramics, J. Appl. Phys. 82 
(1997) 1788. 
V. Mueller, Q.M. Zhang, Shear response of lead zirconate titanate 
piezoceramics. J. Appl. Phys. 83 (1998) 3754. 



APPENDIX 55 



saispRs 
ACTUATORS 

PHYSICAL 

ELSEVIER Sensors and Actuators 79 (2000) 8-12 
www.elsevier.nl/locate/sna 

Piezoelectric ceramic bimorph coupled to thin metal plate as cooling fan 
for electronic devices 

Ju Hyun Yoo a, Jae II Hong b, Wenwn Cao c>* 
a Department of Electrical Engineering, Semyung Univ., 21-1. Sinwol-dong, Jechon, Choong-Buk, South Korea 
b Department of Electricity, Daeyeu Tech. Jr. College, 255 BokJung-dong, SooJung-ku, SungNam, South Korea 

c Material Research Laboratory, The Pennsylvania State University, PA 16802. USA 

Received 13 February 1998: received in revised form 4 December 1998; accepted 10 May 1999 

Abstract 

Several types of piezoelectric fans for cooling electronic devices were constructed and tested at 60 Hz. 110 V and 220 V, respectively. 
The aim of the work is to investigate the possibility of replacing the rotary type of fan in some noise-sensitive electronic devices. 
Different vibrating metal plates were tested and analyzed theoretically. It is found that the resonant frequency of the vibrating plate 
decreases with the increase of its length (/) if the length of the piezoelectric ceramic bimorph (L) is kept constant. The series-type fan 
with / = 31.8 mm. made of phosphor bronze vibrating plate (S6), shows the highest value of fan tip displacement of 35.5 mm and 
produced wind velocity of 3.1 m/s driven by a 220 V, 60 Hz power source. £ 2000 Elsevier Science S.A. All rights reserved. 

Keywords: Piezoelectric fan; Vibrating plate; PZT-5; Displacement; Wind velocity 

1. Introduction 

Most of the cooling fans in computers and other high 
power electronic devices are of the rotary type. Although 
satisfactory in many applications, the electromagnetic noise 
produced by the motor is often not desirable. An alterna- 
tive is to use piezoelectric bimorph-type fans, which can 
generate airflow and efficiently control wind velocity with 
relatively simple structures. The advantages of these bi- 
morph-type fans include: no electromagnetic noise, long 
lifetime ~ 25,000 (h) and low power consumption (less 
than 100 mW) in comparison with the electromagnetic 
rotary type counterpart [1-4]. Therefore, theoretically 
speaking, piezoelectric bimorph-type fans could replace 
rotary fans in many electronic devices. 

This study is focused on the design, fabrication and 
testing of piezoelectric fans that can be operated at 60 Hz, 
220 V. PZT-5 ceramics used for the ceramic bimorphs 
were manufactured by conventional sintering process for 
90 min at 1300CC. The piezoelectric coefficient d^ = 
-173 (10-12 m/V) for this ceramic material. Different 
kinds of metals were used to make the vibrating plate and 

the results were compared to theoretical analysis. The 
resonant frequency, displacement and wind velocity for 
each of the fans were measured. Possibility of using these 
piezoelectric fans for cooling an electronic component was 
evaluated. 

' Corresponding author. Tel.;  + 1-814-865-4101; fax:  + 1-814-865- 
2326: E-mail: cao@math.psu.edu 

2. Experimental procedure 

There are several steps for making these bimorph fans. 
First. PZT-5 powder (Edo. EC-65) was pressed into a plate 
shape by using a steel molder and an oil press at a pressure 
of 1 ton/cm2. Then, the green ceramic plates were sin- 
tered at 1300°C for 90 min. Afterwards, these fired ce- 
ramic plates were lapped down to a thickness of 0.3-0.35 
mm. Finally, silver paste was fired onto the surface of 
these plates at 600°C as electrodes. The piezoelectric ce- 
ramic plates were poled in silicone oil at 80°C by applying 
a DC field of 3.3 kV/mm for 30 min. Table 1 listed the 
physical properties of these PZT-5 ceramic plates. 

The piezoelectric fans were fabricated by sandwiching a 
long metal shim between two layers of piezoelectric ce- 
ramic, which form either a series bimorph or a parallel 
bimorph as shown in Fig. 1. There are three basic parts in 
the fan structure: the base support, the bimorph embedded 

09244247/00/S - see front matter © 2000 Elsevier Science S.A. All rights reserved. 
PII: S0924-4247(99)00249-6 
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Table 1 
Physical and electrical properties of PZT-5 

Density (103 kg/m3) 
Young's modulus (10'° 
Curie point (°C) 
Mechanical Q 
Dielectric constant 
Dielectric loss (1 kHz) 

K 
(IQ-i; m/V) 

N/m) 

p 

ä3l 

7.5 
6.6 

350 
100 

1725 
2.0 
0.36 
0.62 

-173 

in the support and the metal vibrating plate. Fig. l(a-c) are 
three different types of designs. In Fig. 1(a), the metal 

shim is much wider than the width of the bimorph; in Fig. 
1(b), the width of the metal shim and the bimorph are the 
same while in Fig. 1(c), two bimorphs were attached to the 
metal shim. Fig. 1(d) illustrates the side view of the 
structure. The symbols are defined as the following: T — 
total thickness, L — the length of ceramic substrate, W — 
the width of ceramic substrate, w — the width of the 
vibrating plate, / — the length of the vibrating plate. The 
two ceramic plates in the bimorph are either connected in 
series which we call S-type, or in parallel which we call 
P-type. 

The resonance properties of a typical piezoelectric ce- 
ramic bimorph with dimensions of 0.30 mm X 12.4 mm X 
39 mm were measured by using a Network Analyzer (HPE 

<- 4 

:s—,-: 

<- 4 

w 

<- 3 

(a.) (b) 

3 -+ 

<- 4 

<- 3 

(c) (d) 
Fig. 1. Designs of the piezoelectric fans. Different parts are labeled as the following: 1, base support; 2, elastic adhesive; 3, ceramic bimorph; 4, metal 

vibrating plate; 5, AC voltage circuit. 
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Table 2 

Sample no. <i(mm) L(mm) w (mm) / (mm) W(mm) t (mm) Material of 
vibrating 
plate 

Shape 

Fig. Kb) 

Current 
(mA) 

2.83 

Displacement 
(mm) 

34.7 

Wind 
velocity 
(m/s) 

PI 0.78 32 12.0 28.6 12.0 0.08 Phosphor bronze 3.0 

SI 0.89 34 13.3 28.4 13.7 0.10 Brass Fig. Kb) 1.88 11.1 1.0 

S2 0.97 35 13.3 46.1 13.1 0.15 Aluminum Fig. Kb) 1.90 23.3 1.9 

S3 0.88 34 13.5 31.0 12.8 0.10 Phosphor bronze Fig. Kb) 2.02 29.4 2.2 

S4 0.81 32 26.3 29.1 22.0 0.10 Brass Fig. 1(c) 2.52 12.3 1.4 

S5 0.87 34 25.2 47.0 22.0 0.15 Aluminum Fig. 1(c) 2.86 13.4 1.4 

S6 0.80 33 25.8 31.8 22.0 0.10 Phosphor bronze Fig. 1(c) 3.59 35.5 3.1 

S7 0.84 34 12.5 27.4 22.0 0.08 Phosphor bronze Fig. 1(a) 1.92 26.3 2.2 

S8 0.79 35 13.3 28.2 13.2 0.08 Phosphor bronze Fig. Kb) T -n 33.3 2.3 

5100). It was found that the resonant frequency, /r, which 
defines the minimum impedance and the anti-resonant 
frequency. /a, which defines the maximum impedance are 
37.12 kHz and 39.068 kHz, respectively, with a resonant 
resistance of 2 Ü. Therefore, the thickness resonance is 
much higher than the designed operating frequency of 60 
Hz for the fan. 

Several designs using different metal vibrating plates 
were investigated and all the results are given in Table 2. 
The wind velocity of the piezoelectric fan was measured 
by using a wind velocity meter (Testovent 4000). The 
distance between the fan and the wind velocity meter was 
maintained at 1 mm for all the measurements. The dis- 
placements of parallel-type piezoelectric fans were mea- 
sured at 110 V, 60 Hz, while those series-type piezoelec- 
tric fans were measured at 220 V. 60 Hz, by using a ruler 
and a high-speed camera. 

3. Results and discussion 

In order to investigate the resonant frequency of PI-type 
piezoelectric fans, an electrical current meter was put in 
series with the fan and connected to the constant voltage 
source. The output power of the fan is reflected in terms of 
the electric current (proportional to the power consumption 
at a constant voltage). At resonance, there will be a 
maximum output of wind so that the current will also be a 
maximum. 

It was found that the resonance frequency of the fan is 
mainly determined by the length / of the vibrating plate 
while the width of the vibrating plate w has little influ- 
ence. The 60 Hz resonance was achieved by gradually 
reducing the length / while monitoring the electric current. 
As shown in Table 2, there is a direct relationship between 
the maximum tip displacement of the metal plate and the 
wind velocity produced. On the other hand, there is a 
strong non-linear relationship between the vibrating plate 
length and the maximum tip displacement. 

In order to better understand this complex relationship, 
we have performed a simple dynamical plate bending 

analysis assuming the bimorph is fixed. In the first-order 
approximation, the resonance frequency of a vibrating 
plate with one end fixed can be derived from the plate 
bending theory [5]: 

f<af-'\l  I2p{l-*"-) (1) 

Where p, a, Y, I and r are density, Poisson's ratio, 
Young" s modulus, vibrating plate length and thickness, 
respectively. An ideal plate with a perfectly fixed end 
would have a proportional coefficient of 7r/8, but in 
general, we must find this factor from experiment for 
different geometry, i.e., write the relationship as: 

^^y i2p(i-<^ 
(2) 

where the factor G will also differ for different vibrating 
materials. 

One can see from Eq. (2) that the resonance frequency 
increases with the decrease of the length of the vibrating 
plate /. Shown in Table 3 are the experimentally measured 
resonance frequencies for a fan made of phosphor bronze 
metal plate of different length, and the corresponding 
calculated values by using Eq. (2) with the factor G = 
0.558. The agreement is very good. According to Table 3, 
the optimum design length for the bronze vibrating plate is 
28.6 mm for which the measured resonant frequency is 60 
Hz. 

Table 3 
Resonant frequency of Pl-type fan with different lengths of the vibrating 
plate 

/ (mm) Measured value (Hz) Calculated value (Hz) 

69 10 10.31 
60 13 13.63 
50 19 19.63 
40 30 30.67 
30 53 54.52 
28.6 60 59.99 
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Fig. 2. Photos of the vibrating shape of a PI-type piezoelectric fan at different driving voltages at 60 Hz: (a) V= 0 V. (b) V= 30 V, (c) V= 70 V and (d) 
V= 110 V. 

The width and thickness of the fan are increased when 
two sets of bimorphs are used in a fan design to increase 
the bending force of the plates as shown in Fig. 1(c). To 
understand this, let us look at the driving bending force by 
the ceramic bimorph for the vibration when an electric 
potential is applied. According to Ref. [3], the bending 
force is given by: 

F ^ (3) 

where V is the applied voltage, T is the thickness of the 
bimorph. d3i is the transverse piezoelectric constant, and 
Yc is the Young's modulus of the ceramic, L and W are 
the length and the width of the bimorph. respectively, as 
shown in Fig. 1(d). We therefore expect to gain a larger 
bending force for a wider vibrating plate. However, it is 

40 

35 

E 30 
c 
c 25 
(U 
£ 20 
<3J 
O ra 1b 
D. 
H2 10 
Q 

10        20        30        40        50        60        70 

Length of vibrating plate(mm) 
80 

Fig. 3. Maximum fan tip displacement vs. vibrating plate length for a 
PI-type piezoelectric fan. 

found that although a higher level of force could be 
achieved by increasing W. it also produces unwanted 
audible noises. Therefore, in this study, the maximum 
number of bimorphs used was limited to two and the width 
of the vibrating plate was limited to 22 mm. 

The vibrating plate is operated at its fundamental reso- 
nance as shown in Fig. 2. which is for PI-type fan with 
/ = 28.6 mm driven by three different voltage levels of 30 
V. 70 V and 110 V at 60 Hz. We can measure the 
maximum tip displacement from these photos. Results are 
given in Table 2 for one parallel connected bimorph fan 
(PI) and eight series connected bimorph fans (S1-S8). 
Fig. 3 shows the tip displacement of the Pl-type fan driven 
by a 110 V, 60 Hz power source as a function of the 
vibrating plate length. The fan has a fairly sharp resonance 
as shown in Fig. 3. The maximum tip displacement for a 
Pl-type fan increases with / at the beginning, reaches a 
maximum value of 34.7 mm at / = 28.6 mm, then starts to 
decrease with a further increase of the vibrating plate 
length. It is therefore important to find the optimum plate 
length for maximum efficiency at any given operating 
frequency. 

High efficiency also depends on many other factors 
besides the length of the vibrating plate, such as the 
density and Young's modulus of the vibrating plate. In our 

Table 4 
Material properties of vibrating plates used for the piezoelectric fans 

Vibrating plate Density 
(10; kg/m-1) 

Poisson's Young's modulus 
(10" N/m:) 

Brass 
Aluminum 
Phosphor bronze 

8.5 
2.7 

0.35 
0.345 
0.33 

1.006 
0.703 
1.078 
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Fig. 4. Wind velocity for different applied voltages for i PI-type piezo- 
electric fan. 

needs to figure out the G-factor experimentally before 
predicting the design length of the vibrating metal plate. 
The relationship of Eq. (2) holds very well from our 
experimental verifications. 

We found a direct relationship between the tip displace- 
ment and the wind velocity when the fan is operated in the 
fundamental resonance of the metal plate. Therefore, one 
could use either as the optimization criterion. 

Besides phosphor bronze, aluminum is also a good 
choice as the vibrating plate based on our investigation. 
Although one sacrifices a little on the performance by 
using aluminum plate, the material cost will be substan- 
tially reduced for mass production. 
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ABSTRACT 

Photostrictive materials, exhibiting light induced strain, are of interest for future 

generation wireless remote control photo-actuators, micro-actuators, and micro-sensors 

applications. (Pb, La)(Zr, Ti) 03 (PLZT) ceramics doped with W03 exhibit large photostriction 

under uniform illumination of near-ultraviolet light. Using a bimorph configuration, a photo- 

driven relay and a micro walking device have been demonstrated. However, for the fabrication 

of these devices, materials exhibiting higher photovoltaic effect and higher response speed must be 

developed. The present paper reviews a new theoretical model for photovoltaic effect first, then 

enhanced performance photostrictive materials through sample surface characteristics, finally its 

potential future applications. 

Keywords:      Photovoltaic effect, Photostriction, Photostrictive actuators, Surface 

characteristics, PLZT ceramics 



1. Introduction 

The continuing thrust towards greater miniaturization and integration of microrobotics 

and microelectronics has resulted in significant work towards development of ceramic actuators, 

utilizing their wavelength-dependent optical actuation mechanisms. In the recent times, 

Photostrictive actuators - which directly converts the photonic energy to mechanical motion - 

have drawn significant attention for their potential usage in microactuation and microsensing 

applications. 

Photostrictive materials have the ability to convert light directly to physical motion. The 

mechanism of photostriction can be described as the superposition of the photovoltaic and 

converse piezoelectric effects. When noncentrosymmetric materials, such as ferroelectric single 

crystals or polarized ferroelectric ceramics, are uniformly illuminated, a high voltage considerably 

exceeding the band gap energy is generated. In certain ferroelectric materials this photovoltage is 

of the order of kV/cm (105V/m). Along with this photovoltage, mechanical strain is also induced 

due to the converse piezoelectric effect. The fortuitous combination of these two effects makes 

these ferroelectrics suitable for wireless actuator applications, activated and driven by incident 

light. These optical actuators have received considerable attention for applications in areas 

related to micromechanics, ultrahigh vacuum and space technologies. Optical actuators are also 

anticipated to be used as the driving component in optically controlled "electromagnetic-noise 

free" systems. The photostrictive effect has also recently been used in fabricating a photophonic 

device, where light was transformed directly into sound from the mechanical vibration induced by 

intermittent illumination. 



The photostrictive effect has been studied mainly in ferroelectric polycrystalline materials 

for potential commercial applications. Lanthanum-modified lead zirconate titanate (PLZT) 

ceramic is one of the most promising photostrictive materials due to its relatively high 

piezoelectric coefficient and ease of fabrication. However, previous studies have shown that for 

commercial applications, improvements in photovoltaic efficiency and response speed of the 

PLZT ceramics are essential. The improvement in photostrictive properties require 

consideration of several parameters, such as: 

• material parameters (e.g. composition and stoichiometry, dopant type and concentration) 

• processing condition (e.g. processing route and parameters) and microstructure, and 

• sample configuration and performance testing conditions (e.g. surface characteristics and 

illumination). 

The photostrictive response of a material can be considerably increased and controlled by 

understanding the influence of these parameters and by optimizing these parameters. This paper 

reviews a new model for explaining the photovoltaic effect first, then the fundamentals of 

photostrictive effect in PLZT ceramics, and finally describes some of the potential applications. 

The influence of sample geometry has also been illustrated. 

2. Photostrictive Effect 

Photostriction is a phenomenon in which strain is induced in the sample by incident light. 

In principle, this effect arises from a superposition of the photovoltaic effect, i.e. generation of 

large voltage from the irradiation of light, and the converse-piezoelectric effect, i.e. expansion or 



contraction under the voltage applied [1]. It must be noted that the photostrictive effect is 

different from the thermal dilatation and pyroelectricity, where strain is produced due to the 

temperature rise from the light illumination. 

The photostrictive phenomenon has been observed in certain ferroelectric materials. The 

figure of merit of photostriction is generally expressed as the product of photovoltage, Eph, and 

the piezoelectric constant, d33. Therefore, for application purposes, enhancement and/or 

optimization of photostrictive properties requires consideration of both the terms in the figure of 

merit. Recently, PLZT ceramics have gained considerable attention due to their excellent 

photostrictive properties, high d33 and ease of fabrication. 

2.1 Mechanism of photovoltaic effect 

When a noncentrosymmetric ferroelectric material is illuminated with uniform light having 

a wavelength corresponding to the absorption edge of the material, a steady photovoltage/ 

photocurrent is generated [2]. In some materials, the photovoltage generated is greater than the 

band-gap energy, and can be of the order of several kV/cm. This phenomenon, referred to as the 

anomalous photovoltaic effect (APV), is different from the corresponding phenomenon in the p-n 

junction of semiconductors (e.g. solar battery) [3, 4]. The APV effect is observed only in the 

direction of the spontaneous polarization (Ps) in the ferroelectric material. The generated 

photovoltage is proportional to the sample length along the Ps direction. The APV effect has 

been observed to disappear in the paraelectric phases. 



The origin of photovoltaic effect is not yet clear, even though several models have been 

proposed on the mechanism of photovoltaic effect. The key issue in understanding the APV 

mechanism is the importance of both, impurity doping as well as crystal asymmetry. Figure 1 

illustrates one of the proposed models, the electron energy band model proposed for PLZT 

ceramics by one of the authors [5]. The energy band is basically generated by the hybridized 

orbit of p-orbital of oxygen and d-orbit of Ti/Zr. The donor impurity levels induced in 

accordance with La doping (or other dopants) are present slightly above the valence band. The 

transition from these levels with an asymmetric potential due to the crystallographic anisotropy 

may provide the "preferred" momentum to the electron. Electromotive force is generated when 

electrons excited by light move in a certain direction of the ferroelectric crystal, which may arise 

along the spontaneous polarization direction. The asymmetric crystal exhibiting a photovoltaic 

response is also piezoelectric in principle, and therefore, a photostriction effect is expected as a 

coupling of the bulk photovoltaic voltage with the piezoelectric constant. 

Recently the mechanism of APV has also been proposed based on the voltage source 

model. The possibility of generating an effective dc field has been explained on the basis of 

nonlinear properties of a ferroelectric material having noncentric symmetry [6]. The details of 

the model are explained in the following section. 



2.1.1    Voltage Source Model 

The photovoltaic properties are attributed to the photocarriers and internal electric fields 

generated by short-wavelength illumination. The optical nonlinearity of the second order has 

been proposed as the origin of photo-induced dc field generation. The expression for the 

polarization of dielectrics, considering the non-linear effect up to the second order is given by [7]: 

P = £0(XiEoP+XiE2
op) t1] 

where e0 is the permittivity of vacuum, %\ is the linear susceptibility, %2 is the nonlinear 

susceptibility of the second order, and Eop is the electric field at an optical frequency. 

In ferroelectric ceramics, nonlinearity is expected to appear due to the poling. To the first 

approximation, the susceptibilities (Xi) and (%2) can be assumed to be constant. The illuminating 

light - being an electromagnetic wave - will provide an electric field for charges in dielectrics. 

When an alternating electric field with amplitude Eop, and optical frequency coop, is applied to a 

dielectric material having a nonlinear response, the polarization as a function of time, t, can be 

written as 

P = edXiEcp cos(coopt) + XiElp cos2 (coopt)} [2] 

In a linear material, %2 will be zero and the induced polarization will be proportional to the 

applied electric field at any moment. As a result, in the linear material, the polarization oscillates 

at an optical frequency of coop. However, in a nonlinear material, an asymmetric polarization 

wave is produced due to the nonlinear dielectric response which suggests that the induced 

polarization contains the higher order components as well as the fundamental wave.  The Fourier 



analysis of the second harmonic wave shows that it contains the second harmonic component and 

also has a nonzero average. This average term of the induced polarization can result in a dc 

electric field for carriers. 

In dielectrics, the value of the local electric field is different from the value of the 

macroscopic electric field. An additional field due to the polarization charges appears in 

polarized dielectrics. For simplicity, the local field in dielectrics has been approximated using the 

Lorentz relation for a ferroelectric material as [8]: 

Elocal      * + 3£o 

where E is the macroscopic electric field and y is the Lorentz factor. 

When an alternating electric field at an optical frequency is applied, the local field in a 

dielectric material having second-order nonlinearity can be given as: 

Eiocai = EopcoK(0opt)+y-{XiEopcos{(üopt)+ X7E2op cos2(öV)} W 

The average of the local electric field Eiocai in Eq. (4) will be: 

E^l=^7X2E2
op 

[5] 

It must be noted that Eq. (5) has been derived for nonlinear dielectrics under a coherent 

propagation of the light wave at a single frequency. However, the condition of coherent 

illumination may not be satisfied in the experimental conditions described in this work, where a 

mercury lamp is used as a light source. The nonlinear effect will be affected by to the degree of 

coherence. Therefore, considering the depression of nonlinear effect due to the incoherence, the 

expression for the effective dc field induced by incoherent light source may be modified as: 



Eiocai=ci7X2(E2
op)

ß [6] 

where Ci is a constant and ß is a parameter expressing the depression effect. 

Replacing the variable E2
0p with the intensity (Iop) [7], the following expression for the 

average induced (dc) field due to the incoherent light can be obtained: 

Edc=E^i = c2yx2(Iop)ß [7] 

where c2 is a constant and Edc is the effective dc field for photoinduced carriers. Note that the 

induced field, Edc, is proportional to the nonlinear susceptibility as well as the Lorentz factor, y. 

The concentration of carriers excited by optical irradiation is governed by the following 

rate equation, 

y/r» 
= g-Rni- dnc _ _     D„2      "c [g] 

dt 

where ric is the carrier density, g is the generation rate of the carrier, R is the recombination rate of 

the carrier, and xc is the intrinsic lifetime of the carrier. When the excitation is adequately strong, 

the recombination process dominates, and the carrier density becomes: 

n   =   fi [9] 
c
     \/J 

The generation rate (g) being proportional to the light intensity (Iop), the carrier density can be 

written as : 

fl^ [10] 

where c3 is a constant. Introducing the carrier mobility (u), the electric conductivity due to the 

photoinduced carriers will then become [2] 



(?op=qncß [11] 

where, q is the charge of the photocarrier. Combining Eqs. 10 and 11, the photoconductivity can 

be obtained as a function of light intensity, 

„ ,*°P [12] 

The photocurrent will be the product of the photoconductivity and the photoinduced dc field: 

Jph=°oPEdc [13] 

Substituting Eqs. (7) and (12) to (13), the expression for the photocurrent can finally be obtained: 

where, c4 is a constant.   The Eqs. (12) and (14) provide a correlation for the photovoltaic 

response of ferroelectrics on the basis of optical nonlinearity. 

2.1.2   Model Validation and Analysis 

The predictions for the proposed model were validated against experimental 

measurements of photoconductivity and photocurrent. PLZT (3/52/48) ceramics samples were 

cut into the standard sizes of 5x5 mm2 and polished to 1 mm thickness. The samples were poled 

along the length (5 mm) under a field of 2 kV/mm at 120 °C for 10 min. The present model was 

validated by comparing the experimental results with the prediction based on Eq. (12) for 

photoconductivity and Eq. (14) for photocurrent. 

Figure 2 shows the plot of photoconductivity (aop) as a function of light intensity (Iop). 

The exponent relating the photoconductivity and the light intensity was calculated to be 0.54. 



This is in good agreement with the value of 0.5 derived for the recombination process of the 

carriers (Eq. 12). 

Figure 3 shows the experimental results of short-circuit photocurrent (Jph) as a function of 

light intensity. The parameter ß based on Eq. (14) was calculated to be 0.46. The value of 

parameter ß is expected to lie between 0 and 1. The depression in ß value can be attributed to 

the incoherent illumination of the mercury lamp. 

FT a b 

Figure 4 shows the experimental results of the open-circuit photovoltage (Eph) as a 

function of light intensity. The photovoltage was found to be proportional to the square root of 

the light intensity. 

Fy 

The experimental data was further analyzed to investigate the effects of incoherent 

illumination. Since a partial coherence of illuminating light can be achieved in a very small area, an 

increase in ß value is expected in thinner photovoltaic samples. In order to reconfirm this effect, 



the photocurrent was measured as a function of light intensity (Figure 5) in a very thin (140 um) 

PLZT sample. The parameter ß based on Eq. (14) was recalculated and was found to be 0.80, 

which is higher than ß value of 0.46 in the thicker sample (1 mm thickness). These results 

suggest that the parameter ß increases with a decrease in the thickness of photovoltaic sample, 

due to higher coherency of illumination in thinner samples. This suggests that an enhancement in 

the photovoltaic properties may be achieved in a very thin sample or by using coherent 

illumination. 

Ha    rn 
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2.2 Experimental setup for photovoltaic and photostrictive measurements 

Figure 6 shows the experimental setup. Photovoltaic measurements were done using a 

high-input-impedance electrometer (Keithley 617), while the photostriction was measured by a 

displacement sensor (LVDT, Millitron model 1301). The photovoltage and photocurrent were 

determined from the current-voltage relation by applying voltage between -100 and +100 V, while 

illuminating the samples as described below. The photovoltage was determined in an open circuit 

state from the intercept of the horizontal applied voltage axis, while the photocurrent was obtained 

for the short circuit state from the intercept of the vertical current axis. 

C 



A short arc mercury lamp (Ushio Electric USH-500D) was used as a light source. The 

original lamp radiation was passed through an Infrared (IR) blocking filter and Ultraviolet (UV) 

bandpass filter to obtain a monochromatic beam with a maximum strength around 366 nm 

wavelength. Light with this wavelength has been reported to yield the maximum photovoltaic 

properties in the PLZT samples [9, 10]. 

3. Sample Geometry Dependence 

Since the photostrictive effect is excited by the absorption of illumination in the surface 

layer of ceramics, it is apparent that the surface geometry of the photostrictive material will have 

a strong bearing on the generation of photocurrent and photovoltage. This surface characteristics 

is further reinforced by the absorption occurring at the surface layer of the piezoelectric material 

facing the illumination. Using a sample thickness closer to the penetration depth will ensure that 

the entire film will be active and efficiently utilized. Therefore, investigation of photovoltaic 

response as a function of sample thickness is desired in determining the optimal thickness range 

with maximum photovoltaic effect. In addition, studying the effect of surface roughness on the 

photovoltaic effect will provide an insight on the absorption dependence of photostriction. 

3.1  Thickness dependence 

In order to determine the optimum sample thickness, dependence of photovoltaic effect 

on sample thickness of PLZT (3/52/48) ceramics doped with 0.5 at.% W03 was examined. 

Photovoltaic response was found to increase with a decrease in sample thickness in PLZT 



ceramics. A model has been proposed to explain and quantify the observed influence of sample 

thickness on photovoltaic response [11] as shown in Fig. 7, where the absorption coefficient is 

assumed to be independent of light intensity and the photocurrent density is taken to be 

proportional to light intensity. The sample is assumed to comprise of thin slices along the 

thickness direction of the sample. A circuit diagram representing these layers is also shown in 

the same figure. 

Go 3- 

Figure 8 shows the plot between the normalized photocurrent (i^ and sample thickness 

calculated for the external resistance (B^ = 200 TQ). The computed results shows good 

agreement with the experimental data. With increasing in sample thickness, im increases, reaches 

a maxima, and subsequently it decreases with the sample thickness. The decrease in im can 

mainly be attributed to the dark conductivity (ad). The optimum thickness (for the present set 

of samples) which yields maximum photocurrent is found at 33 urn. The extremely low value of 

optimum thickness implies that the lower sample thickness will be expected to give better 

photovoltaic response. 
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3.2 Surface roughness dependence 

The effect of surface roughness on photovoltaic and photostrictive properties was 

examined in the PLZT ceramics, the sample as used in section 3.1, with different surface 

roughness obtained by polishing to different surface finishes. The surface roughness was 

measured by a profilometer (Tencor, Alpha-Step 200) and the average surface roughness was 

determined using the graphical center line method. 

The variation of photovoltaic (photovoltage and photocurrent) and photostrictive 

properties with surface roughness are plotted in Figs. 9 (a)-(c). The photovoltaic and 

photostrictive responses increase exponentially with decreasing surface roughness. This is due to 

the fact that, with increase in surface roughness the penetration depth of the illumination 

decreases, while contributions from multiple reflections increase. 

A model has been proposed to explain and quantify the influence of surface 

roughness. The effect of multireflection has not been considered in the following formulation. 

Two different shapes, a sine profile and a "V" profile roughness (Fig. 10 (a)), were assumed for 

simplicity. In both these shapes, the amplitude was taken as a center line roughness (r) and the 

wavelength as (g). The detail will be make only for a "V" profile. 

-, q        (Q 
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The corresponding equations for the unit cell of the "V" profile rough surface (Fig. 10 (b) and (c)) 

are: 

,= Ki£ + 1), where ^^8 [15] 
8 4 4 

t dy     Ar [16] 
tanö, =—f- = — 

ax      g 

where 8j is an angle with the vertical incident beam.   By means of Snell's law [7], 

n(sinö,- =n,sinör [17] 

where 0t is the transmitted angle, nj and nt are the refractive indexes of air and PLZT sample 

respectively, the transmittance (T) is given by: 

T_ Itcos9t _ ntcos6t   2 [18] 
/,cos0,       n,cos0, 

The transmitted light intensity (I,) will then be: 

It = I.T=Iin.t2 [19] 

This intensity will further decrease due to absorption. If the sample thickness is 

greater than the penetration depth (1/ct), the average intensity (I0) reaching the sample below the 

rough surface will be: 

K. _ [20] 
I0 = (—)JC ^   S It OO exp(-oe)cfz^ 

S      _« o 

where, z is the sample thickness 

This average intensity (I0) can be substituted in sample thickness model which has 

been reported earlier [11] to examine the influence of surface roughness on photocurrent.   The 



normalized photocurrent (im) computed using above formula, is plotted in Fig. 11 as a function of 

surface roughness for the two chosen surface profiles. The experimental results are also plotted. 

A wavelength of roughness at 1 \xm gave the best fit of the experimental results which is close to 

the size of the grain size of the sample. 
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4. Potential Applications Based on Photovoltaic and Photostrictive Effects 

The direct conversion of photonic to mechanical motion by the photostrictive effect can 

lead to two broad classes of applications - microactuation and microsensing. Potential 

applications for microactuation include [12]: 

• an alternative mechanism for converting solar energy directly into mechanical motion for 

planetary exploration. 

• direct corrective control in adaptive optics/interferometer 

• optical micropositioning 

• solar tracking actuator/shutter for self alignment of the spacecraft to the sun for optimal 

power generation using solar sails 

• optically controlled valves for space applications 

• optically controlled microrobots 

• photophones 

The potential microsensing applications include: 



• a variety of tunable sensors for incident radiation (UV, visible etc.) based on the 

deflection as a function of incident radiation intensity 

• indirect microsensors based on the photodeflection when the device is loaded with 

condensing moisture (microhygrometer) or incident interstellar dust (microbalance)). 

We have successfully demonstrated the application of photoactuation in PLZT ceramic wafers as 

photo-driven relay [9] and photo-driven micro walking machine [13]. These devices are 

designed to use incident light and have no lead wires or electric circuits. 

Figure 12 illustrates a photodriven relay device using a PLZT bimorph as the driver which 

consists of two ceramic plates bonded together with their polarization directions opposing each 

other. A dummy PLZT plate was positioned adjacent to the bimorph to cancel the photovoltage 

generated in the bimorph. Utilizing the dual beam method, switching was controlled by 

alternately irradiating the bimorph and the dummy, which can avoid the time delay due to low 

dark conductivity. The amount of displacement observed at a tip of the bimorph was about 150 

urn with the delay time of 1-2 seconds [9]. 

R3 ,: 

Figure 13 shows a micro-walking machine using photostrictive bimorphs with two 

ceramic legs fixed on a plastic board. The structure is simple having only two ceramic legs (5 mm 

x20 mm x 0.35 mm).  When the two legs were irradiated alternately, the device moved like an 



inchworm at a speed of several tens of microns per minute [13]. The photostrictive bimorph as a 

whole was caused to bend by ± 150 urn as if it averted the radiation of light. The walking speed 

can be increased to approximately 1 mm/ min by providing some contrivances such as the use of 

a foothold having microgroves fitted to the steps of the legs. 

Photomechanical resonance in a PLZT bimorph has been successfully demonstrated using 

chopped UV irradiation having neither electrical lead wire or circuits. A thin cover glass was 

attached on the photostrictive bimorph structure to decrease the resonance frequency so as to 

easily observe the photo-induced resonance. The dual beam method was used to irradiate the 

two sides of the bimorph alternately, intermittently with a 180° phase difference. The 

mechanical resonance was determined by changing the chopper frequency. The resonance 

frequency was about 75 Hz, which is smaller than the audible frequency range [4]. However the 

achievement of photo-induced mechanical resonance in the audible frequency range suggests the 

possibility of photostrictive PLZT bimorph-type devices as photoacoustic components for the 

next communication age. 

Recently, a new application of highly efficient, photostrictive PLZT films on flexible 

substrates has been conceived for usage in the new class of small vehicles for future space 

missions [14]. 



In addition some promising devices, which can be fabricated based on tailoring 

photostrictive films on the flexible substrate in a unimorph structure, are micro walking device 

and light chasing device. 

Micro walking device can be designed into arch-shaped photoactuating composite films 

(Fig. 14 (a)) with a triangular top (Fig. 14 (b)). Photoactuating films may be fabricated from 

PLZT solutions and coated on one side of a suitable flexible substrate which will then be designed 

to have a curvature of 1 cm"1. A slight difference in length between the right and left legs could be 

designed in order to provide a slight difference between their resonance frequencies. This would 

facilitate in controlling this device in both clockwise and counterclockwise rotations. A light 

chopper operating at a frequency close to resonance could be used to illuminate the device, in 

order to maximize the vibration of the bimorph which will then provide the capability to turn by 

applying different resonance frequencies of two legs. 

In order to maximize the photostrictive properties of the sample, the sample geometry 

could be determined from the proposed model in section 3.1. After coating suitable UV 

transparent electrode, the film could then be poled along the thickness. Under uniform 

illumination on the upper side of the device, the PLZT film on that side would contract. Since 

the PLZT film is bonded onto the substrate, the whole device would then decrease the curvature 

and move. 
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A 'sunflower' device for chasing the light source may be designed using photoactuating 

film composites. By tailoring the absorption edge of PLZT ceramics through impurity doping, 

the device can be utilized for tracking solar radiation. Figure 15 shows the principle of this 'light 

source chasing' device. Two unimorphs are attached to both sides of a solar panel (Fig 15 (a)). 

When the light source positioned equidistantly between the two unimorphs, there is no difference 

in the strain due to photostrictive effect which results in the stable state of the solar panel (gray 

line in Fig. 15 (b)). When the light source moves to the right-hand side, for example, the intensity 

at B side will be stronger than A side. The photoactuating film on B side would deflect more 

than the A side which, leads to the panel canting and moving to track the light source. 

U 

5. Summary 

Photostrictive actuators are driven only by the irradiation of light without requiring 

the electrical lead wire connection. Therefore they can be employed in ultra high vacuum or outer 

space. The direct conversion of photonic to mechanical motion by photostrictive effect can lead 

to two broad classes of applications, microactuator and microsensing which will open new vistas 

in the actuator technology. It is evident that the photovoltaic and photostrictive effects are 

strongly dependent on the surface characteristics of the sample. The surface characteristics are, 

therefore, of extreme importance during the fabrication of high efficiency photostrictive device. It 

is expected that the sample thickness and roughness which will be crucial in designing thick film 



bimorphs for enhancements in the efficiency of a micromechanical device.   We introduced two 

new devices, micro walking and light chasing device in this article. 
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Figure captions 

Figure 1. Energy band gap model of excited transition from impurity level in PLZT 

[5]- 

Figure 2. Dependence of photoconductivity on illumination intensity in PLZT 

(3/52/48) ceramics. The exponent of the curve was found to be 0.54 which 

is closed to the model. 

Figure 3. Dependence of photocurrent on illumination intensity for 1 mm thick 

sample of PLZT (3/52/48) ceramics. The parameter ß was estimated to be 

0.46. 

Figure 4. Dependence of photovoltage on illumination intensity in PLZT (3/52/48) 

ceramics. Photovoltage was found to be proportional to the square root of 

the light intensity. 

Figure 5. Dependence of photocurrent in thin sample (140 urn) of PLZT (3/52/48) 

ceramics on illumination intensity. The parameter ß was estimated to be 

0.80 by the curve fitting. 

Figure 6. Experimental set up for photovoltaic and photostrictive measurements. 

Figure 7. Schematic of the model to compute the dependence of photocurrent on 

sample thickness. The sample has been modeled as thin slices along the 

thickness direction and the corresponding circuit diagrams are also shown. 

Figure 8. Comparison of measured and computed normalized photocurrent in 0.5 

at% W03 doped PLZT (3/52/48) ceramics. The optimum thickness was 

found at 33 um. 

Figure 9. Variation of (a) photocurrent, (b) photovoltage, and (c) photo-induced 

strain with surface roughness in 0.5 at% W03 doped PLZT ceramics. 

Figure 10.       Schematic diagram of the V-shaped model (a) rough sample, (b) unit cell 

of the rough sample, and (c) trajectory of light beam in the rough surface. 
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ceramics near the morphotropic phase boundary 
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Abstract 

Photostrictive effect in lanthanum-modified lead zirconate titanate (PLZT) ceramics, one of the promising candidates for photostrictive 
materials, has been investigated with different contents of La and the ratio of Zr/Ti near the morphotropic phase boundary compositions. 
The maximum photocurrent and photovoltage were obtained at different compositions of PLZT ceramics: maximum photocurrent at 4/48/ 
52. maximum photovoltage at 5/54/46. New figures of merit for evaluating these materials, which includes both the magnitude of strain and 
response speed, were proposed. © 1999 Published by Elsevier Science S.A. All rights reserved. 

Keywords: Photovoltaic effect: Photostriction; PLZT ceramics: Compositional variation: Morphotropic phase boundary. Photostrictive actuators 

1. Introduction 

Lanthanum-modified lead zirconate titanate (PLZT) cera- 
mics are known to exhibit a range of interesting electro- 
optical properties [1,2]. Recently, the application of PLZT in 
photostrictive actuators has drawn considerable attention 
[3-7]. The idea of photo-driven actuator arises from the 
photostrictive effect, which is the combination of the photo- 
voltaic and converse-piezoelectric effects in ferroelectric 
materials. Such a direct conversion of photonic to mechan- 
ical energy by the photostrictive effect can lead to a broad 
range of applications. One of the promising applications is 
the tailored films of photostrictive PLZT on a flexible 
substrate for bio-morphic explorers in future space missions 
[8]. Moreover, they can be used for photostrictive motors, 
transducers, advanced mobiles, shape controllers, and 
microvalves [8,9]. 

The photostrictive materials were evaluated on the basis 
of the product of photovoltage (£ph) and the piezoelectric 
coefficient (<f33). Fig. 1 shows the room temperature phase 
diagram of the PLZT system by Haertling and Land [1]. The 
largest product of £ph and </33 has been reported for the 
PLZT 3/52/48, which is around the morphotropic phase 
boundary (MPB) separating the rhombohedral and tetrago- 
nal ferroelectric phases in Fig. 1 [5,7]. However, a rigorous 
comprehensive investigation on the compositional depen- 
dence, varying both La concentration and Zr/Ti ratio espe- 

•Corrcsponding author. Fax: +1-814-865-2326 
E-mail address: pxpl38@psu.edu (K. Uchino) 

cially close to the MPB, has not yet been carried out. Since 
the material characteristics, i.e. dielectric, piezoelectric, 
and photovoltaic properties of PLZT are sensitive to com- 
positional variation, investigation of compositional depen- 
dence near MPB is very important for the material 
optimization. 

In pursuit of an enhanced photostrictive material, this 
paper examines the optimum composition range for obtain- 
ing the maximum photovoltaic effect in the PLZT ceramics. 

2. Experimental procedure 

PLZT compositions are given in the form of Pbt-JLa* 
(ZryTi,.^,..,/^ (abbreviated as PLZT X1YIZ, X=100x; 
y=100y; and Z=100(l-y)). PLZT ceramics with concen- 
tration of La varying from 2 to 5 at. %, Zr/Ti ratio varying 
from 48/52 to 54/46 were prepared by the conventional 
oxide mixing process (see Fig. 1). These series of com- 
positions are located in the area of morphotropic phase 
boundary, including the particular composition 3/52/48 
which was reported to exhibit the maximum photovoltaic 
effect. Fig. 2 illustrates a flow chart for the sample pre- 
paration by the conventional oxide mixing process. The 
details of this technique was reported in an earlier publica- 
tion [10]. 

Phase identification was performed using X-ray diffrac- 
tion (Scintag diffractometer, Vax 3100 System). All samples 
exhibited perovskite structures. Microstructure and grain 
size of the samples were observed by scanning electron 

0254-O584/99/S - see front matter © 1999 Published by Elsevier Science S-A. All rights reserved. 
PII: S0254-0584(99)00110-8 
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Fig. 1. Room temperature phase diagram of PLZT system showing the morphotropic phase boundary separating the raombohedrai and tetragonal 
ferroelectric phases [1] and the compositions that have been investigated in this study. 

microscopy (ISI-DS 130). Dielectric properties of PLZT 
samples were measured with an impedance analyzer (HP- 
4284A). Samples for dielectric measurements were polished 
to about 10 mm in diameter, and 1 mm in thickness, then 
electroded with platinum (Pt) by sputtering. Piezoelectric 
properties of all the samples were measured by using a 
Berlincourt d32 meter (Channel Products) at 100 Hz. Sam- 
ples for piezoelectric measurement were of the same con- 

/■ 
Weighing 

PbCOj, La^Oj, ZrOj, and TiOi 

Wet ball mill mixing 
1                     48h                     J 

_L 
Drying 

48 h 

Calcination 
(950 °C, 10 h) 

L 
Mixing with binder 

1 

Wet ball mill mixing 48 B 
ind drying 48 h 

Mold pressing 

Binder burn out 
(300°C,2hand550°C4h) 

Sintering 
(1270 °C, 2 h) 

PLZT samples 

Fig. 2. Flow diagram of sample preparation, by the conventional oxide 
mixing process. 

figuration as for dielectric measurements, except that they 
were poled in silicone oil at 120°C under a 2 kV/mm electric 
field for 10 min. 

The samples of 5x5x1 mm3 were cut and polished for 
photovoltaic measurements. The 5 x 1 mm2 surfaces were Pt 
electroded. Photovoltaic measurements were done by using 
a high-input impedance electrometer (Keithley 617). The 
photovoltage and photocurrent were determined from the 
current-voltage relation by applying voltage in the range 
from -100 to +100 V along with the radiating light to the 
samples. The photovoltage was determined in an open 
circuit state from the intercept of the horizontal applied 
voltage axis, while the photocurrent was obtained from the 
short circuit state from the intercept of the vertical current 
axis. A high pressure mercury lamp (Ushio Electric USH- 
500D) was used as a light source. The white radiation was 
passed through an ER. blocking filter and an UV bandpass 
filter to obtain a monochromatic beam with a maximum 
strength around 366 nm wavelength and an intensity of 
3.25 mW/cm2, before illuminating the samples (5x5 mm2 

polished surface). The light beam with this wavelength has 
been reported to yield the maximum photovoltaic properties 
for PLZT [7]. The details of this experimental set-up was 
reported in an earlier paper [10]. 

3. Results 

3.1. Grain size 

Since the photovoltaic and piezoelectric effects are 
strongly dependent on the grain size [5], the grain size data 
are shown firstly. Average grain sizes of the PLZT ceramics 
were obtained from the polished sample surface by SEM 
observations using the intercept method. Grain sizes of the 
samples ranged from 1 to 5 um. Fig. 3 shows the average 
grain size as a function of Zr/Ti ratio and La content. The 
average grain size were observed to decrease with La 
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Fig. 3. The contour map of the average grain size in PLZT ceramics. 
Larger grain sizes were found along the MPB of PLZT system. 
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Fig. 5. Variation of piezoelectric constant (<f33) in the PLZT system. The 
maxima of di3 have been found along the MPB. 

addition. As Zr/Ti ratio increased, the average grain size 
increased and approaches to the MPB region. This agrees 
with the previous report [11,12]. 

3.2. Dielectric and piezoelectric properties 

Figs. 4 and 5 show the dielectric constant (e) and piezo- 
electric constant (<f33) contour maps at room temperature for 
the PLZT system. The dielectric constant showed the max- 
imum at the MPB for all the La content and decreased with 
increasing Ti content (decrease in Zr/Ti ratio). The <f33 

increased with increasing Zr/Ti ratio and the maximum 
d33 has been found at the MPB. 

at % PZ -*- ■ y/1-y- -+- aL % PT 

58/42   56/44    54/46   52/48   50/50 48/52   46/54    44/56 
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/lars   ISM 1322    770 \    998     792 

1395   1816/199^  153S 1240|  1086 i Jj7 
_S      1847 

Fig. 4. Variation of room temperature dielectric constant as a function of 
compositional variation along the MPB of PLZT system. Dielectric 
constants show the maxima along the MPB. 

3.3. Photovoltaic properties 

The maximum photovoltaic properties has been reported 
earlier at PLZT 3/52/48 for a coarse composition change. 
The compositional variation especially around the MPB 
plays an important role. The contour map of the photo- 
current at room temperature in the PLZT phase diagram is 
shown in Fig. 6, while Fig. 7 illustrates the photovoltage 
contour map. In these two figures, the solid circles indicate 
the location of PLZT 3/52/48 which has been reported 
earlier to exhibit the maximum photocurrent and photovol- 
tage. In this new fine measurement, the maximum photo- 
current and photovoltage have been found at different 
compositions of PLZT ceramics. The maximum photocur- 
rent was found at PLZT 4/48/52 which corresponds to the 
tetragonal phase, while the maximum photovoltage was 
found at PLZT 5/54/46 which is along the MPB. The 
photocurrent and photovoltage were found to get enhanced 
by more than twice for these new compositions. 

It is noteworthy that the maximum photocurrent and 
photovoltage are obtained at different compositions. In 
order to explain this, the current source model which has 
been proposed by one of the authors is used here [13]. The 
electron energy band of PLZT is basically generated by the 
hybridized orbit of p-orbital of oxygen and d-orbital of Ti/ 
Zr. The donor impurity levels induced in accordance with La 
doping (or other dopants) are present slightly above the 
valence band. Transition from these levels with an asym- 
metric potential due to the crystallographic anisotropy may 
provide the preferred momentum to electron. Electromotive 
force is generated when electrons are excited by illumina- 
tion and move in a certain direction of the ferroelectric 
materials, which may arise along the spontaneous polariza- 
tion direction, resulting in photocurrent. PLZT 4/48/52 
exhibits the maximum photocurrent, suggesting the product 
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Rg. 6. The contour map of photocurrent in PLZT ceramics. The maximum photocurrent was found at PLZT 4/48/52 having tetragonal phase. (•) represented 

the maximum photocurrent composition reported earlier. 
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Hg. 7. Tlie contour map of photovoltage in PLZT ceramics. Photovoltage was found to be maximum at PLZT 5/54/46 and along the MPB of PLZT system. 
(•) represented the composition with maximum photovoltage reported earlier. 

of the number of impurity levels and the asymmetry of 
materials is maximized. As La content and Zr/Ti ratio 
increases, the system transforms to more symmetry form 
of cubic system resulting in decreasing photocurrent 
eventhough addition of La content will increase the impurity 
leveL Photocurrent at rhombohedral phases lower than 
tetragonal phases can also be attributed to this reason as 
well. 

Considering the contour map of photoconductance in the 
PLZT phase diagram in Fig. 8, which shows the minimum 
along the MPB especially for PLZT 5/54/46, photovoltage 
at this composition is observed as the maximum. The 
minimum of conductivity near the MPB of lead zirconate 
titanate (PZT) ceramics was also reported in the previous 
study [14]. 

4. Discussion 

Since the maxima in photocurrent which governs the 
response speed and in photovoltage which governs the 
magnitude of strain are located at different compositions 
of PLZT ceramics, new figures of merit for photostriction 
should be proposed by considering both the terms for 
response speed and magnitude of strain. The new figures 
of merit for photostriction were derived as follows. 

Since the strain is induced as a function of time, r, as 

Xph = </33£ph(l - e*p(^))> (1) 

where *ph is the photo-induced strain, d^. the piezoelectric 
constant of the materials, £ph, the photovoltage, /ph, the 
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Fig. 8. The contour map of photoconductance in PLZT system. Photoconductance is minimum along the MPB. The minimum photoconductance was found 
at PLZT 5/54/46 where it also exhibits the maximum photovoltage. 

photocurrent, /, the time, R and C are the resistance and the 
capacitance of the material, respectively. 

For t<£l, we obtain 

Xph = ifeEph (—I 
■RCJ 

(2) 

Thus, the figure of merit for response speed should be 
provided by <i33£Ph(l//?C). 

Taking account of the relation 7ph = E^/R, this figure of 
merit is transformed to «fe/ph/C.or, it can be given by 
^33-W« (e is ^ permittiviry). On the other hand, for 
f»l, the saturated strain is provided by: 

For t»l, we obtain 

■Zph = ^33-Eph- (3) 

which is similar to the previous paper [6]. Thus, the 
figure of merit for the magnitude of strain is defined by 

^33£ph- 
In order to obtain a high photo-induced strain, materials 

with high <f33 and £ph are needed. On the contrary, for high 
response speed, materials with high d33, /ph, and low 
dielectric constant are required. Figs. 9 and 10 show the 
contour maps of d^I^/C (s_1) and <f33£ph (unitless) on the 
PLZT composition diagram, respectively. 

at%PZ- y/1-y. ■*- at % PT at % PZ ■ y/1-y- at % PT 

58/42   56/44    54/46   52/48   50/50 48/52   46/54    44/56 

Fig. 9. The contour map of «/jj/ph/C. figure of merit for response speed. 
PLZT 4/48/52 is best suited for high response speed material in PLZT 
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system. 

Fig. 10. The contour map of </jj£ph. figure of merit for magnitude of 
strain. PLZT 5/54/46 is best suited for the maximum strain in PLZT 
system. 
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5. Conclusion References 

A rigorous investigation of the composition dependence, 
especially near the morphotropic boundary, on photovoltaic 
properties in PLZT ceramics was carried out in order to 
examine compositions for the maximum photovoltaic prop- 
erties. It has been found that the maximum photocurrent and 
photovoltage exist at different compositions of PLZT cera- 
mics. Maximum photocurrent was found at PLZT 4/48/52 
which is in tetragonal phase, while maximum photovoltage 
was found at PLZT 5/54/46 which is around the MPB of the 
PLZT phase diagram. The photocurrent and photovoltage 
were improved more than twice higher for the new compo- 
sitions of PLZT. The new figures of merit for photostriction 
for the magnitude of strain or the response speed term have 
been proposed. The high performance photostrictive mate- 
rials can be tailored using these new compositions. 
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