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ABSTRACT

This report documents work performed over the period 1 January 1998 to 31 December
1998 on a MURI under the Office of Naval Research Contract N00014-96-1-1173. The topic
“Acoustic Transduction Materials and Devices” brings together groups in the Materials Research
Laboratory (MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and
Vibrations (CAV) at Penn State.

Research on the program is adequately represented in the 80 technical appendices.

Outstanding accomplishments include:

Exploration of several new relaxor ferroelectric perovskite solid solution with
morphotropic phase boundaries. New evidence of the onset of nonlinearity in soft donor doped
PZTs at surprisingly low (1V/cm) fields. Confirmation of the relaxor phase induced by electron
irradiation in PVDF:TrFE copolymers, and a processing method which permits very high (4%)
electrostrictive strain in the transverse direction, vital for the practical use in actuator systems. In
composite transducer, “first fruits” of the cooperative program are cymbal arrays which form
most effective acoustic projectors, and a new “dog bone” design which permits deeper
submergence for the cymbal. Agile transducers, the 3-D acoustic intensity probe and high force
high strain torsional and step and repeat systems continue to make excellent progress. In actuator
studies true acoustic emission is proving to be an excellent tool in reliability studies and a new
design of small-scale (mini) piezoelectric motor shows outstanding performance. Thick thin film
studies and are now “gearing up” for the development of the mini tonpilz arrays. New
combinations of ultrasonic and resonance methods appear to offer unique capability for complete
characterization of ferroelectric piezoelectric materials.

The mode of presentation of the report emphasis the outstanding progress made in
published research. It is important to also document that the slower and more painstaking
development of practical transducer systems in the cymbal and mini tonpilz arrays is progressing
very favorably.
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Ultrahigh field induced strain and polarization response
in electron irradiated poly(vinylidene fluoride-trifiuoroethylene) copolymer
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Abstract The influence of electron dosage on the field
induced strain. dielectric constant. and polarization re-
sponse has been investigated in electron irradiated
polvtvinyvlidene  fluoride-trifluoroethylene) (P(VDF-
TrFE)) 30750 copolymer. It was found that under suitable
electrm :io<a°e an ultrahigh electrostrictive strain can be
achieved Interes[mcly material after irradiation exhibits
many r2atures resembling thosé of relaxor ferroelectrics.
suggesting that the electron irradiation breaks up the co-
herent polarization domain in normal ferroelectric
P(VDF-TrFE) copolymer into nano-polar regions that
transform the material into a relaxor ferroelectric. In ad-
dition. many of the material properties including the
field incuced polarization. the electrostrictive strain. and
elastic modulus exhibit irregular change (non-monotoni-
cal) with electron dosage. indicating a complex relation
among the crosslinking density. crystallinity. crystallite
size. and molecular conformation in determining the ma-
terial responses.

Key words Polymers - PVDF-TrFE - Electron
irradiation - Dielectric constant - Vogel-Fulcher law -
Strain - Polarization - Electrostriction - Elastic modulus -
Elastic energy density

Introduction

Ferroelectric polymers. because of their flexibility. low

weight. 2asy processibility. have atrracted a great deal of

attention and effort for a broad range of device applica-
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tions 1. 2]. However. in comparison with other existing
functional materials such as caramics. current ferroelec-
tric poiymers suffer low electric field sensitivity (low di-
electric constant. low piezoelectric coefficients. low field
induced strain, etc.) which severaly limits the application
rang2 of these materials [3-3]. In order to overcome the
shericomings of ferroelectric peivmers. in the past sever-
al decades. there is a constant ffort in searching new
tferroelectric polymers and improving the existing mate-
rizis. When considering improviag the electric field sen-

v m or these materials. thers are several possible ap-
s one can take. inciuding to make use of the in-
stability or the material near a ~hase transtormation and
to introduce defects in the crvswl structure to increase
the compliance of the material towards the external field.
As has been observed recently in polyvinylidene fluo-
ride-trirluoroethylene (P(VDF-TrFE)) copolymer. by
high energy electron irradiation :he material can be con-

verted 10 exhibit many features very similar to a relaxor
rer:oe'ectnc including a slim poiarization hysteresis loop
at tamperatures near the dielectric peak which gradually
evolves into a normal ferroelectric polarization hvstcrems
loop with reduced temperature and the dlsperslon of the
broad dielectric peak with frequency which follows the
Vogel-Fulcher law. In addition. the material exhibits a
massive electrostriction. a relatively high diclectric con-
stant. and high elastic energy densm ‘which are highly
desirable for hloh performmce eleﬁ.tromech.lmcal devic-
es. _

PVDF and its Lopolymer PIV'DF-TrFE) are the best
known and most widely used ferroelectric polymers be-
cause of their relatively high polanz.mon level and high
electromechanical activity [ . 21 In most cases. the ma-
terial is in the semlcrystallme rorm having a morphology
of crystallites in an amorphous \urroundmu The ferro-
elec nc.tv of the material is from the Lrysmllme region
and however, analogous to other ferroelectric materials.
However. the boundarv conditions at the crystalline re-
gions. i.e.. the amorphous-crystalline interface and the
amorphous phase. have a profound effect on the ferro-
electric and electromechanical responses of the material.
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In the past several decades. there are many experiments
conducted to investigate the influence of high energy
electron or y-ray irradiation on the chemical and structur-
ai changes in PVDF based copolymers [6-9]. It is well
kioww that these irradiations will induce crosslinking
and cause changes in the molecular conformation and
crvsiailinity in ﬂuoropol}mers. More recent structural
studies also revealed that high energy electron irradiation
desirovs the all trans conformation in the ferroelectric
phase and transformed it into a paraelectric like phase
[10]. Clearly. electron irradiation introduces several de-
fects
braaking up the coherent macro-polar regions (all trans
contormation) in normal ferroelectric phase and signifi-
cantly increasing the amorphous-crystalline intertace re-
gions {7, 10].

In this paper. we report the dependence of various
material responses. including the polarization hysteresis
loop. the dielectric constant. the remanent polarization as
a function of temperature obtained from the pyroelectric
coefticient. and the field induced strain. of P(VDF-TrFE)
50/30 on the electron irradiation dosage in the range
from 30 to 120 Mrad. The irradiation was carried out at
room temperature with 3 MeV electron source under ni-
trogen atmosphere.

Experimental

rexzits presented here were obtained from P(VDF-TrFz
:"- moi of VDF1 which nas a relatively low F-P transition
=zre (70°C) and smaii poiarization hysteresis compared
BTN 'ngher VDF mol¢ compositions {11). The copolyvmer

‘rom Solvay & Cie of Bruxelles. The film used in this investi-
n ‘s2as fabricated by melt pressing powder at 225°C and then
:on 10 room temperature. The films thickness were be-

-

N

2% :0 40 um. For the elestric measurement. gold electrodes
sputteraZ onto the film surfaces wer used.

e

“We characterized the electric tield induced strain with a bi-
mecron-tased strain sensor designed specifically for the polymer
r'xi'“ 2127 and the measurement was carried out at room tempera-

2. The polarization hysteresis loops were measured by a Saw-
\e'- Tow e circuit [13] in the temperature range from =25 to 50°C.
At 2uch 2mperature, the sampies were allowed to equilibrate for
13 min ~efore measuring the polarization hysteresis loop. The fre-
guency range for the polarization and strain measurement is from
1w i0 Hz.

The Jielectric constant was evaluated by HP multi-frequency
LCR mazar (HP4274 A) equipped with a temperature chamber.
The frequency range is from 50 Hz to | MHz. In each measure-
mearnt. the sample was tirst heated 1o 125°C and then the measure-
ment was performed for both cooling and heating cycles in the
temzeraiure interval from —63 to 1257 *C at a rate of 2°C/min. The
elastic modulus was measured by a Dvnamic Mechanical Analyz-
er TA Instrumcnts. Model No. 28901 [14] in the frequency range
from 1 o 100 Hz and temperature from -60 to 80°C.

The pvroelectric coetticient was measured using the Byer-
Rounds echnique. For the data reported here. the sample was first
pov*' an applying a DC field of about 30 MV/m at 80°C und then
slowiy snoled down to —125°C under the field. The field was
switcaed off at =125°C and the pyroelectric coetficient was mea-
sured ;! 4 heating rate of 2°C/min using a HP 4140B pico-amme-
ter. The zolarization of the sample was then determined by the in-
te".’:tm' of the obtained current data. It was observed that for

non-irredéiated samples. the polarization obtained was not depen-
dens an the applied DC field leve! for a field above 30 MV/m. On

in P(VDF-TrFE) copolvmers with the etfect of

the otiter hand. the polarization shtained here for samples after ir-
radiation increases with incremsed DC bias field, retlecting that
thare is no well defined coerc:vz fieid and a broad distribution of

colarization activation snergy (2 e material. Becuuse of the limit
of the current experimental set-2 on the allowed DC bias field

avel. we could not systematiczily 2xamine the dependence of the
coiarization on DC bias fieic w0 higher field level. Further im-
arovernent on the experimenta 2t-up will be made to increase the
DC bias field level.

Results and discussions
Dielectric response

The temperature and frequency dependence of the small
signal dielectric constant for PIVDF-TrFE) 50/50 films
with dirferent irradiation dosages is shown Fig. 1. For
the comparison. the dielectric constant of unirradiated
sample is also presented in Fig. 2. Apparently the di-
eiectric constant peak of these irradiated samples is
quite broad. The data also shows that the maximum di-
iectric constant decreases monotonically with electron

aos age. In addition. there is a strong frequency disper-
sion and the peak temperatre (T,) of the dielectric con-
stant moves to higher temperature with increase in fre-

guency. These features se2m r 2sembling those observed
in the relaxor ferroeleciric ceramic materials [13].
{ancz. in analogous to the relaxor in ceramic systems.
wz also attempted to fit the Jata with the Vogel-Fulcher
izw, which is an empiricai relation observed in many
svstems which undergo frzzzing below certain tempera-
ure. T. [16-18].

f et oavp U
x-r,..xpg HT,-T,) (hH

m

l}
whera U is a parameter describing the distribution width
or relaxation time (or energy). Hence. for a system with
narrow distribution of relaxation time such as in normal
farroelectrics. U will approach to zero. A typical result
of the fitting is shown in Fig. 3 and the fitting of the data
with Eq. (1) yields: U=2x10-* eV and T=317 K for
80 Mrad. U=2.4x10-* ¢V and T=318 K for 100 Mrad.
and U=1.3x10-? eV and T.=3 "0 3 K for 120 Mrad.
While for unirradiated samples. the fitting vields
U=3.5x10~*eV. T;=339 K. It was observed that in all the
materials examined the dielectric peak and T; move to
lower temperature atter irradiation. However. there exist
a threshold dosage and bevond that. the peak and T,
show slight increase in temperature. Since the peak posi-
tion and T, are directly related to the activation energy.
the results suggest that the electron irradiation breaks up
the ferroelectric macro-domains which significantly re-
duces the activation energy of the polar groups. Upon
further electron irradiation. the increased amorphous
phase and crosslinking density may impose constraints
on the activation of the polar groups. resulting in a slight
increase of Ty as observed.

It should also be noted that there are two peaks ob-
served in the low frequency dielectric loss data. one is
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Fig. la—c The dielectric constant (solid lines) and dielectric loss
(dashed iines) as a function of temperature for P(VDF-TrFE)
50/50 copolymer arter a) 80. b) 100 and ¢) 120 Mrad irradiation
dosages. The measuring frequency: (from top to bottom for dielec-
tric consiant and from bottom to top for dielectric loss)
50 Hz.100 Hz. | KHz. 10 KHz. 0.1 MHz. 0.4 MHz and { MHz

near -20°C whose peak temperature moves up with fre-
quency and the other is much weuaker and occurs at a
temperature near 40°C. This weak higher temperature
peak merges with the shoulder of the low temperature
loss peak at high frequencies. To identify these peaks,
we compare the data with unirradiated sample whose di-
electric data is relatively well understood [19. 20]. As
shown in Fig. 2. there is three peaks in the low frequency
dielectric loss of unirradiated samples. the broad low
temperature loss peak near —20°C and moving up in tem-
perature with frequency is from the glass transition in the
amorphous phase. the relatively sharp peak at near 67°C
whose position does not change with frequency is due to
the ferroelectric-paraelectric (F-P) transition. In addition,

40
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‘Fig. 2 Variation of dielectric constant (solid lines) and dielectric
loss tdashed lines) with temperature for unirradiated copolvmer
film at 30 Hz. 100 Hz. 1 KHz. 10 KHz. 0.1 MHz. 0.4 MHz and
I MHz trequencies
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Fig. 3a—c Fining of Vogel-Folcher law for a) 80. b) 100 and ¢)
120 Mrad irradiated copolymer films. The solid line is the fitting
and circles are the data obtained from the Fig. |
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there is a weak shoulder at a temperature near 40°C
which is believed to be due 1o the defects at the crystal-
line-amorphous interface. The data in Fig. 2 also reveals
that the main contributor to the dielectric loss in the ma-
terial is from the glass transition in the amorphous region
and on the other hand. the real part of the dielectric con-
stant in the unirradiated samples shows very little »ign of
the glass transition of the amorphous phase. indicating
that the glass transition does not affect the real part of
the dielectric constant.

Hence. the dielectric data reveals that the irradiated
samples do not possess the loss peak due to the F-P tran-
sition. while the peaks trom the two other processes are
still present in the samples. In addition. the peak near
10°C seems to be enhanced arter the irradiation. possibly
caused by the increase of the amorphous-crystalline in-
terface. In analogous to the situation in the unirradiated
samples. the glass transition in the amorphous phase
does not affect the real part of the dielectric constant in
anv significant manner. however. it is still the main con-
tributor to the dielectric loss. It can be seen that at tem-
peratures below 80°C. the dielectric loss is relatively low
at frequencies below | kHz. At higher frequencies. the
dielectric loss due to the glass transition becomes quite
high at near room temperature.

Polarization response

Figure 4 presents the polarization hysteresis lcops mea-
surad at room temperature for P(VDF-TrFE) 30/30 films
berore and after irradiation. The sample before irradia-
tion exhibits a well defined ferroelectric polarization
hysteresis loop with a corecive field at 45 M\/m (the
field level at P=0 in the hysteresis loop) and a remanent
polarization of 6.4 mC/cm?- tthe polarization level at E=0
in the hysteresis loop). In contrast. the samples irradiated
with dosages from 80 to 120 Mrad exhibit slim hystere-
sis loops and the polarization level of the samples are
also reduced. These results indicate that the large polar-
ization hysteresis can be removed by irradiation and are
inconsistent with the dielectric constant data where the
sharp F-P transition is removed.

It is interesting to note that although the polarization
level P, at 160 MV/m for irradiated samples reduced
drastically compared with unirradiated ones. the change
of this polarization with electron dosage is not monoto-
nical. For unirradiated samples. P, is 8.7 mC/cm=. While
for samples with 80 Mrad dosage. P, is reduced to
5.5 mC/cm?2. However. further increasing the dosage to
100 Mrad raises P, to 6.5 mC/cm?. At even higher dos-
age (120 Mrad), P, is again dropped to 4.5 mC/cm=. The
drop of P, with irradiation can be understood by assum-
ing that there is an increase of amorphous phase after the
irradiation. which is consistent with the dielectric con-
stant and elastic modulus data to be presented. The rea-
son for the raise of P_ with dosage from 80 to 100 Mrad
is not clear. There are several possibilities which could
be responsible to this anomalous change including the
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Fig. 4 The polarization hysteresis loops of P(VDF-TrFE) 50/50
copoivmer measured at room temperature before and after irradia-
tion
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Fig. 5 Change in polarization hysteresis loop with temperature for
P(VDE-TrFE) 50/30 copolymer films irradiated (100 Mrad) at
room temperature

motions of crystalline-amorphous interface which will
depend on the interface area. crystallite size. and cross-
linking density. and the rotation of the polar clusters.

As the temperature is lowered to below room temper-
ature. we observed a gradual appearance of the polariza-
tion hysteresis. i.e.. an gradual increase in the remanent
polarization. The data presented in Fig. 5 is for samples
irradiated with 100 Mrad. The re-appearance of the po-
larization hysteresis with reduced temperatures suggests
that the material after these irradiation treatments is still
a ferroelectric.

The pyroelectric coetficient of both irradiated and un-
irradiated samples is presented in Figs. 6 and 7 and the
polarization as a function of temperature obtained from
integration of the pyroelectric current is shown in Fig. 8.
The data from the unirradiated samples exhibit a sharp
drop of polarization (a sharp pyroelectric peak) at a tem-
perature near 70°C. the F-P transition temperature.
While for irradiated samples. the change of polarization
with temperature is more gradual. Moreover. in contrast
to the unirradiated samples. the data from the irradiated
samples exhibits two major broad pyroelectric peaks.
The one at temperature near -25°C is apparently associ-
ated with the glass transition. indicating increased amor-
phous phase due to the irradiation and increased influ-
ence of the amorphous phase on the polarization re-
sponse in the material. And the one at higher temperature
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Fig. 7 Pvroelectric current with temperature for irradiated copoly-
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Fig. 8 Variation of remanent polarization with temperature ob-
tained from the integration of the pyroelectric current shown in
Figs. 6 and 7 '

(above 20°C) sesms to be associated with the polariza-
tion freezing process, consisting with the dielectric con-
stant data. :

The results presented show that the P(VDF-TrFE)
50/50 copolymer after irradiation exhibits many features
resembling those of relaxor ferroelectrics in ceramic sys-
tems {13]. that is. the slim polarization hysteresis loop at
temperature near the dielectric peak which gradually
evolves into a normal ferroelectric polarization hysteresis
loop with reduced temperature and the dispersion of the
broad dielectric peak which follows the V-F law. Howev-
er. unlike ceramic systems. the polymeric material we
are dealing here is much more complicated due to the ex-
istence of the amorphous phase which should have sig-
nificant effect on the polarization responses in the crys-
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talline region and the material as a whole. On the other
hand. the amorphous matrix may also provide an extra-
parameter which can be used to adjust the material prop-
erties.

The electrostrictive strain and elastic response

More interestingly. the copolymer after irradiation pro-
duces an ultrahigh strain as shown in Fig. 9 which is the
strain along the thickness direction (longitudinal strain)
from sample irradiated with {00 Mrad. Again. the in-
duced strain level for the three irradiation conditions. 80,
100. and 120 Mrad. shows an irregular change with dos-
age as summarized in Fig. 10. The sample with
100 Mrad generate the highest strain. which is about
—}.4% under a tield of 174 MV/m. while the sample with
120 Mrad exhibit the lowest strain level. This trend
seems quite similar to the polarization behavior present-
ed in the previous section.

Combined with the polarization data (Fig. 3). one can
obtain the electrostrictive coefficient Q,, trom the rela-
tion S=QP-. where S is the longitudinal strain and P the
is polarization [21]. The electrostrictive coefficient Qy,
for samples under the three irradiation dosages is:
-8.7 m*/C= for 100 Mrad. -6.6 m*C= for 80 Mrad. and
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Table 1 Comparison of the strain and strain energy density.

Materiais Y Tepical  YS3/2  YSz/2p
{GPa1 S, (Jlem® Ik
Piezocaramic (1) 6+ 0.2% 0.13 .25
Magnerostrictort2) 100 0.2% 0.2 21.6
PZN-PT single crystal 7T 1.7% 1.0 131
1220
P(VDF-TrFE) 0.45 4% 0.43 230

irradiated 100 Mrad)

-5.9 m*/C* for 120 Mrad. The rasults indicate that in ad-
dition to lower polarization level. the lower strain re-
sponse in 80 Mrad and 120 Mrad irradiated sampies are
also 2 consequence of lower electrostrictive coetficients.
Nevertheless. the results here show that under a prop-
er electron irradiation. a large electrostrictive strain can
be achieved in P(VDF-TrFE) copolymers. Materials with
such high electrostrictive strain are attractive for actua-
tor. sensor. and transducer applications [15. 22]. Howev-
er. in very soft polymers the Maxwell stress effect. origi-
nating from the Coulomb force of the charges. can de-
form the material to a high strain level [23. 24]. Hence.
other parameters such as the strain energy density are
also used to evaluate an actuator material [25]. To evalu-
ate the strain energy of the irradiated polymers. the ¢las-
tic modulus of these materials was measured. Figure 11
present the elastic modulus and dissipation factor (tand)
as a function of temperature at 10 Hz. In most of the
temperature region. the elastic modulus of irradiated
samples is reduced compared with unirradiated samples.
indicating an increase of the amorphous phase and
breaking up of the crystalline region into smaller size.
For irradiated samples. over a relatively broad tempera-
ture range (above 10°C). the elastic modulus shows a
very weak temperature dependence. Interestingly. the
elastic modulus also exhibits an irregular change with
electron dosage. That is. the modulus for samples irradi-

ated with 100 Mrad is higher than those of 80 Mrad and’

120 Mrad. indicating a complicated relationship of the
elastic modulus with the defects structure introduced by
irradiation.

From the elastic mudulus. the elastic energy density
of these materials is determined. In Table 1, we compare
the irradiated P(VDE-TrFE) copolymer (100 Mrad) with
several currently known materials. including the ferro-

electric relaxor single crysial PZN-PT. which has been
shown to possess an uitrahigh strain response [26. 27].
Both the volumetric energy density. which is proportion-
al to YS2/2 and related to the device volume. and gravi-
metric energy density. which is proportional to YS:/2p
and related to the device weight. are included in this ta-
ble. where Y is the elastic modulus. S, is the strain level.
and p is the density of the material [25]. Apparently. in
terms of the strain and strain energy density, the electro-
strictive P(VDF-TrFE) corolvmer reported here exhibits
a significantly improved perTormance compared with tra-
ditional piezoceramic and magnetostrictive materials and
is on a par with the PZN-PT single crystal.

Summary

The influence of the electron dosage (from 80 Mrad to
120 Mrad) on the field inducad strain. the polarization
response. the dielectric constant. and elastic modulus of
Pt VDF-TrFE) 50/50 copoivmer irradiated at room tem-
perature has been investigated. It was found that the sam-
ples with 100 Mrad exhibit a strain of —4.4% under a
fiald of 175 MV/m and a strain energy density much
higher than those of the conventional piezoceramic and
magnetostrictive materials. Many irregular changes of
the responses with dosage were observed. Although in
general. the irradiation lowers the dielectric constant
peak temperature and increases the dispersion in the
peak position (relaxor behavior). It was observed that the
dielectric peak temperature moves up slightly at higher
dosage. accompanied with a decrease in the trequency
dispersion in the peak position. Among the three dosages
examined (80. 100. and 120 Mrad). the samples with
100 Mrad exhibit the highest field induced polarization.
the strain. and the elastic modulus. In addition. it was
also observed that the smaller strain response in the
80 Mrad and 120 Mrad samples compared with the
100 Mrad sample is caused by both a reduction in the
polarization level and the electrostrictive coefticient.
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A bimorph based dfiamometer has besn developed which enables one to characiesize the slecric feld
"induced swain response in the our-of-plane directiom in thin and soft fres standing poiymer film
samples convezieady over a relatvely wide fequency range (1 Hz to | k&2). The test results
‘demonstrate that e newly developed dilatomerer is capable of detecting dispiscement down o
sub-angsrom rangs. The agresment berwesn the test results from the bimorsh diarometer, the
resulrs from a laser diiatometer, and the mode! analysis indicates that the device cxn indeed be used
reliably for these measurement with high seasidvity. © 1998 American [nsimure of Physics.

[S0034-6748(98)03706-X]

. INTRODUCTION

Polvmeric matesials have many amractve and uzigue
fean:-es for elecwonic and siscxomechanical wamsducdon
appiizatons. In these appiicacons. how the matsrial bezaves
ungdear an external eleczic d=id is of prime concera = e
mare=al selecton. Because of tae sofmess of samzies o de
Charzcrasized, curreaty it is sTil @ great chailengs o reliabiv
darar==ize the strain induced >v an extermal eleczic Z2id in
thiz poivmer films withou: i=zosing conszaint.

In genemal the exisdng sechniques for characterizing the
eiszTiz Said induced smaiz me7onse in a polymer ﬁl::. San
- be grouped intw two catsgeries: the contact methods and
pocconeact methods. The cozwct methods such as the one
maicag use of the change in s2pacitance berween two parai-
lel piares to measure the ::x::...sxonal change of a polymer
fiir= are cypically difficait w te used on routine bases.!= In
addidon, the conracs from the sapacitor plates in the cazaci-
tance method may impose mechanical conswaints in the
sample which could be significant for 2 soft and thin sa=ple
and introduce large error in the measurement. For the non-
contac: measurements, whers the laser dilatometer is the one
moszt frequently used. in order to determine the field induced
strain in the out-of-plane direcdon in thin films, two laser
beams on.dxeopponmfacsofd:enmplem raqu:::d.
y However, again because of the thinness and softess of the

-films, . uxsgmteasvmmth:ﬂmmouonmrbe
mpxewmhmmmmmeresulu It appears
to us that currendy there exists no suitable technique to car-
" acrerize the electric field induced strain in thin and soit polv-
mezic samples reliably and conveniently. .

The recent development of the atomic force microscope
has demonstrated the high seasitivity of a cantilever beam in
detecting small force, which implies that the similar principle

| ':-“Mwwmmwum
.. P (s
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may be wmanspiantsd v Deasurs the displacement of soit
poiymer films withour ‘oasing large swess or mechanica’
conszains in the sampis.*” [o an even more waditional arsa
i2.. displacement sezscr iz z chonograph carwidgs. the ds-
r=ands of audiophiies 2ave seen forcing the comswant im-
sTovement of e senscr 2224 and as a result phonogT2zh
cxcwidges ars well ceveioped pigh seasidviry wanscucerss
which require 2 very smail ssnue: fores and can be operated
cver a wide fm'.:::': znge. Inspired by thess advance-
Sjeats. we ansmpted o deveicp 2 high seasitvicy d:suiac--
IZe2t Sensor 10 characizmize s slecwic field induced swain iz
soft and thin polymesic sampies based on the pxezoe!:c‘:c
bimorph candlever beam. which in the current device was
modified from 2 pocees:a pick-up carwridge. and the re-
sults are reported in &is aresie,

ll. EXPERIMENT

The schemarc of e sexp is shown in Fig. 1. The one
ead of the piezoelecic bimerph is clamped at a solid sup-
Pors and at the other e2d. 2 sainless stee! (ss) pin which is in
contact with the sample is amched using a.thin layer of
ecoxy glue. Under an exceemal electric field. the sampie ex-
pands and contracts in the : direcion and generates a corre-
sponding motion in the sexsor head. Consequently, a bend-
ing in the piezoelecwic hnnarph is produced. Through the
dirsct piezoelectric effect. an electrical output which is pro-
pordonal to the sensor bead displacement is generated. Aftes
the calibration, ‘this cutput signal can be used to quantta-
tvely measure the dispiacement. In the current setup. a well
aged PZT-4 piezoceramic is used as the displacement stan-
dard. whose piezoeleczic dy; value was measured by botk a
laser dilatometer and 2 Bedfincourt d3; meter.%7 By applying
a fixed voltage to this sundard, typically in the range be-
tween 1 and 10 V, 1 dispiscement in the range of 2-20 A is
generated to calibrate the device. A typical calibration curve
thus obtained is shown in Fig. 2 where the measured curreat

© 1958 Amencais insatute ot F TS
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FIG. . (1) Sca=matic of the aswly developed 2iga ssolution dispiacement
sensor and ne eiesie driving and detecson suv=m: (b) schernatic of e
sensor aead ssmgism=g of 3 presocsrzic bimerye md 1 stainless stea! pin.
Tae bencing in =e imorph generates 1 eiesTis ouU Which is proper-
tonai o e Hspizsement & te point &.

from a loci-in amplifier versus the displacement in the
PZT= swandard is presented against e measuring fre-
quezcy. Since e stability of the bimerzh seasor is crucial to
the device. a Bimorph in a commercial phonograph carwidge
mace by RCA is used here. The dimszsions of the bimorph
are: t=0.3 o= the width w=15m 20d the length & is
approxirsately 10 mm. The dimeasions of the PZT-4 stan-
dard is 5 X5 X & mm’. The lock-in ampiifier used is Model
SR830 from ‘Stanford Research Syswems having 2 current
seasidvity down to the fA range. o

To assess the performancs of this newly developed bi-

“‘i:iorph based dilatometer in charactesizing the field induced
: LSRG .

8

ezt v g .
g
& peee -
0 > .m—?
- g
L ?
ot :
SR Frequency (H2)

. E1G. 2. The calibracion curve of the displacement sensor which shows that
_ the seasitivity of the device is proportioaal 10 the frequency. Open circles
are the upemmwdwuubaﬁmm‘mamme
constant of the lock-in amplifier is 1 3 for signais at 1 KHz and 10 5 at

frequencies bejow 20 Hz :
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sTain in soft polymer films, the reiadonship berwesn the
sampie surface dispiacemenr znd charge output of the bi-

_morph is anaiyzed based oo a staric model and results are

comparsd with the experiment. In addision, a direst compari-
son of the experimental results from a laser dilatometes.
whicz is a well established teczmiges in displacement char-
aczecizadon, and from the new dimorph based dilatomerer
will also be made.

L ANALYSIS OF THE PERFORMANCE

In the analysis. the bimorph and ss pin are w=ared as 2
cantilever system with one ead ciamped In the analysis, the
displacemenr § and the slope 2 x the piezobimorph end &
are decived first and thea the dispiacemenr ar the tp G of the ~
ss pin is evaluated. For a force appfied ar the tp G (Fig. 1)
along the = direction, the momenr M in the beam is

M=F(h+Ll-z), ¢y

whars x=0 is at the boundary derwes= the suppor: and the
birorsz. From the theory of candiever beam. YX4°2/6x°
= )\f,3 where ¥ is the Young's modrius. X is the momeat of
ines=2. amd for the bimorph bezm X=2wr’/3, the slope at
the bimersh end H is

o= .—ﬂ-z (h+2kL), @
acc t=e dispiacement at F is
- F S
Fmzoz [(L+h)R+{LI={L=R)}3]. 3

Tas beading in the piezoceramic bimorsh will also produce 2
Gispiaceme=t at the point G of te ss pin. which can be
showz hrcugh the geomeric consiceration:

5 =F~al, &)

whers the second term on the Sgit hand side of the equation
is just a geometwic amplification «Fecz. In addition. the forcs
F will also produce a displacemest (from the bending of the
ss pin) at the point G of the ss pin acsonding to°
il o
T | @
wheze 7 is the radius and ¥*® is the Young's modulus of the
ss pin. respectvely. Combining Egs. (4) and (5) yields the
relarionship between the forcs 7 and displacement A at the
seasor pead (point G~ ' o
A=F+5=BF, N ()
whezrs=
B L o (AL+LS26).
52T oy MLFLER).

Tas ;harée output ¢ is evaluated vsing the energy func-
ton of a piezoelectric bimorph of leagth  when subjected to
a mornent M= F(L+h=x) as cutlized in the Ref. 9, which
vields :
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FIG. 3. (3) The current measursd by 2 lock-in amplifier vs the displacemenr
ie 3 PZT< smndard (the displacement -t PZT= 2 20A X appiied voimge)
wick stows 3 linear reiatonsiip berwesa the displacement and the ceoest
ocuuz The seasidvity of the device desveases at low frequency. Open
=i, biack dots. and crosses e he daa points and solid lines ars dmawn
© guice eves. (b) The displacement sxvr 5ar vs Sequency. Apparsaily. the
emwor Sz incveases faster than 17, The dme constant of the lock-in z=piifer
was asiugras gr sach frequensy to obmet 3¢ maximum seasidvity (Sem 1 s

v on

= lxX>030sals

3dy (RS =2Li)

&= 8 d 7
ané
3dy (A= =210
e=- 31l8r'£f ’ (8

Iz our sezmp. L is approximarsly @e same as 4 and heacs. B
in Ez. (6) is proportonal 4°.

IV. EXPERIMENTAL RESULTS .

' Presented in Fig. 3(a) is the relarionship berwesn the

curr=zt cutput of the sensor head and driving elecwic feld -

appiied to the PZT-$ standard (the displacement of PZT-$ is
linear}y proportional w the driving field), where 1 V' corre-
sponds to a.:displacsment of 22 A. The dara shown are ar
100 Ez. 200 Hz and | kiHz. The tme conszant of the lock-in
ampiifier is 10 & Since for 2 given displacement A at the
seasor head G, the charge output ¢ is fixed and for a sinu-
soid signal. the curreac output / from the bimorph is equal to
qw. where & is the angular frequeacy. The sensitivity of the
svstem which is defined as //A. bence, will be directly pro-
portional to the frequency, as shown in Fig. 2 where for a
givea applied voltage. / increases linearly with frequency.
On the other hand. the environmental noises such as the vi-
bradon and air wrbulencs, which in the current system are
the major source limiting the probe sensidvity. become se-
vere atr low frequencies. Due to this reason, the measured
error bar &3 of the displacement (A= §A) versus frequency.,
as shown in Fig. 3(b), deteriorates faster than 1/f, whers 83
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FIG. 4. The elecTic impedance crve mevsured Som the piesoelecmic bi-
mesph when the prove bead was i conmact with 2 sampie. There is no
aotc=abie resonanss 1t frequenciss below 2 kHz (the weak resopances e
incEcxted by arrows). Hence. the comrear device can be nsed up 1o | kiz
without the interference of the resomance. The resoeant frequency in the

dsvics can be raised by reducing the lengms of the dimorph and ss pin.

cisplacement dam for 2 given applied voitage. To rednes
taese noises. the seup was piaced inside a closed chamber

 éoring the measurement. It should be noted thar when using

2 lock-in amplifier in sigzal detsction. the seasitviry of the
s¥stem can be improved bv increasing the time constant of
t=e lock-in sampling time. For tar reason. the tme consmnr
cf the lock-in ampiifier was adjusted at sach measuring fTe-
guezcy 1o obtain the maximum seasitviry of the svstem at
=ar freguency. The dara iz T, 3 show thar the probe has a

uS-angswom seasidvity over 2 relatively wide fregueacy
T2=ge. For instance. at (00 = it can derss: 2 dispiacement
cf atout 0.03 A.

The data at 100 Hz wers 2iso used to make & comparison
Serween the test result and e performarce prediction basaed
oz the statc mods! preseat=< in the preseding section. Since
iz the construcdon of the seasor head. the exact dimensions
stsl as h and L cannot be convolled precisely. the approxi-
=are vaiues of A= 10 anc =10 mm are used in the caicu-
lazon. The other parametars are: for the piezocsramic bi-
morp. r=03mm w=lSom Y=6,06X10° N/m*. and
G3;=—=274pC/N. and for te ss pin r=032mm. Y™
= 92X 10" Nf®, Using these parameters. we obrain the
czarge output 22X 107" C for a displacement at the sensor
head of 11.04 A, while the sxpetimentally measured value is
159X 10~¥ C [daa in Fig. 5{a)]. Considering the approxi-
mations made in the mods! analysis where the joint berwesn

16

-
"
=¥

-R (10" mVY

0.1 t
Sample Thickness (mm)

FIC. . R of a polyurethane elastomer (DOW 2103-80AE) as 3 function of
the sampie thickness at different frequencies. The negative sign of R coef-
ficient indicates that the fllm comracss when 3 voltage is applied. The thin-
aest sample measured is 20 um thick. Dar3 points are shown on the figure

s=2 ke zolid surver o drmwe s mide sver
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E1G. 6. Comparison of & coefficient of 2 polverecace sampie {2 mm thiek)
meastred Srem 3 double beam laser dilammes= isgiic Srsies) and the newly
devesoged simorpi dilatometer (open circlesi 25 3 function of frequency.

the ss pin and. :he btmorph was assumed 10 be nmd with z=z0
leagth. the agrssment berween the expesiment and theored-
cal modea! is sadsfacrory. indicating thar de probe funcdons
propeziy with 2 high seasigvity.
One of the concems in operating tris aew inswument is

its operational S=quency rangs. At @ low frequency ead.

e Sequency limit is mainiy caused by e decrease of tce
sensiciwity 2s tae requency is lowersd On die other hand. on
the high Teguency ead. it is the resoran: fequency of the
sysie= which imits how high the srote 23 B¢ operated. Fer
a c"'"""sr team. the resonant fr2guezcy is inversely pro-
portioral to e sguare of the leng2 in a=¢ ! for the svs:er:'.
discussed hcrz' 9 Shown in Fig. ¢ is s siscic imped
of e zroe ..::c (the impadance is 53z 2 oie’oe‘e::;:
birsoron: versus feguency for e sysim tesied where the
prode ead is ia conmct with 2 sarmgie as iz the measursment
sitzadon. As se-- the firs: resonance Zcde 2ppears at a fre-
quency above I kHz From the &xed aou..c:'.rv condidon at
the two eads. this resonance sorresgends ©0 2 half-wave
le"::: resopance. Hencs. the device === =¢ used at frequen-

ies up 0 1 ki¥z without the interiereace Zom the resonasnt
mods. whick was also confirmed by &est axperimental re-
sufts. ;

After the ::.hor:mon and svaivagor of the desvics. a se-

res of poivursthane elastomess (DOW 2103-80AE) was

charactesizad as. {0, their field induced swain rasponses. It is™~
wellknowndmmﬂuswpeofmm&beﬂnuscorthcc-n- -

tral wmmem&esumnhspmmonalrothesquare of
the appiied elecxic field £. Le. § =RE", where R is a coef-
ficient describing the seasidvity of swain change in the ma-

tesial to the external electric fisld For a sinusoidal applied”
2 component of the

eleczic feld E=Ej cos wr, it is ©e
. sTain respense that is measured by the lock-in amplifiez.

S-R(c., cos we)*=RE;(1=cos 2wrli2 (9).

which mdz:::u.:s the dispiacement ampliuds measured ar
the probe head at 2 f frequency is
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A= =:.RE; cos{2wr)2 (10)

becauvse §= 1/, whers:, is e sampie thickness. From the
caiibraden curv c. A can be daremymed and from Eq. (10), R
can be obtained. Shown in Fig 5 is the R ccefiicient for
poivursthians flms versus thicizess at different frequencies
measursd at room (emperaturs. The samples are mads from
sciuton g.:hnno and the eleczods is spuntersd goid flm of
apout 300 A thickness. The aszative sign of R coefficient
indicartes that the flm contracs 25 an siscxic deld is appiied.
The davice is quite conveniear in measuring the elecic field
incdneed sT2in in thin fim sampies and the thinnest §im mea-
sur=d hers is 20 um. From the sasic principle of the devies
and the analysis presented. it is cleer that the probe can be
used o0 charactarize the strain response in even thinner films.,
Tae depeadencs of R with thicigecs has beea invastgared
eariier using 1 laser dilatomerer and due 10 the limitation of
the measuring technique. the Hionest sample examined was
0.15 mm. ! In the thickness range overlapped. the resuits
"-om the two measursmearts ars sonsistent with sach other.

Tie dependance of R with fim thickness impiies that mea-
surad szTain rasponse contains significant conmibutions from
susTace or int.—:'ac. effect wiick was discussed in another
-u‘-ii""-cn. Figure 6 presezs 2 comparison becweea the
sasuis measursd from the cumrent devies and thar from 2
coubis tea= laser dijatomersr oz soivursthane sarpie of 2
mom tmickmass. Apparsady. the msuis fom e two agTes
Witk 2222 cther quite well. Toe ageement of the rasults pe-
o dilatomersrs 228 ssnvesn the exparimental
'-5"‘*' and tma modsi azalvsis indicars tar the davice can be
use< reialiyv for the stain measurezmant in poiymeric fiims.

Tvesn e
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INTRODUCTION

A transducer is a device that converts en-
ergy from one form to another. An electro-
acoustic transducer transforms electrical en-
ergy into acoustic energy, or vice versa. An
electromechanical transducer transforms
electrical energy to mechanical energy or
movement, which then may transmit energy.
These are the energy transformations that
will be involved in the transducers men-
tioned in this article. Understanding and de-
sign of transducers is multidisciplinary and
involves a knowledge of materials, physics,
acoustics, electrical engineering, mechanical
engineering, and chemistry. Fortunately,
there are many guidelines that can be fol-
lowed in which the beginner can understand
the various disciplines involved. Some people
call the successful fabrication of transducers
a “black art.” This is an overworked term;
transducer design and fabrication follow a
well thought-out path, but do require a
broad knowledge in the sciences and engi-

Encyclopedia of Applied Physics, Vol. 22

4.4 Mechanical Transducer ......... 77
4.5 Electromagnetic, Moving-Coil
TransducCers .....ccceeevveeveneeecnes 77
4.6 Resonant Bubble
Transducer ....covevveeeveenernvannnne 78
4.7 Helmholtz Resonator ............ 78
4.8 Hydroacoustic Projector ........ 78
4.9 Spherical-Shell Transducer .... 78
4.10 Impulsive Transducer ............ 78
5. Longitudinal Vibrator
Transducers (3 kHz to >100
MHZ) ..oooieiiiiieeiieeieeiieeenes 79
5.1 Tonpilz Transducers .............. 79
5.2 Thickness Vibrators .............. 81
53 Shaped Ceramic
Transducers .......ccceeeecvnernennes 82
6. Other Transducers .............. 383
Works Cited .........c.......oeenees 84
Further Reading .................. 84

neering. They also require learning how
acoustics interacts with different materials
and their acoustic impedances. Baffles, hous-
ings, and resonant structures typically sur-
round the transducer and can have a major
impact on its performance. Just like in most
fields, the “bugs” need to be “worked out”
from the design for the transducer to be an
integral part of a measuring system.
Landmarks in the history of electroacous-
tics were Bell's invention of the telephone
(1876) and Edison's work on the carbon mi-
crophone and the phonograph. Langevin and
others wused steel-quartz-steel resonator
plates, which form a composite underwater
projector transducer for the detection of sub-
marines. Equivalent circuits that describe the
action of piezoelectric resonators were devel-
oped by Van Dvke (1928) and Mason (1934,
1948), and good introductions can be found
in Wilson (1985). Stansfield (1990), Hunt
(1982), Berlincourt er al. (1964), Kinsler et al.
(1982), and Bobber (1988). The discovery of
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68 Transducers, Underwater Acoustic

the large piezoelectric effects in ceramics
(e.g., barium titanate, 1946) led to the devel-
opment of the technology of modern piezo-
electric ceramics, and to the improvement in
the performance of electromechanical trans-
ducers.

There are many different types of trans-
ducers that can be discussed. A good list of
the different types of transducers used in the
field of acoustics can be seen in the Jourmal
of the Acoustical Society of America index un-
der the listing 43.38, “Transduction; Acousti-
cal devices for the generation and reproduc-
tion of sound.” The transducer tvpes from
this list that are generally used in underwa-
ter acoustics are magnetostrictive transduc-
ers, electromagnetic and electrodynamic
transducers, piezoelectric and ferroelectric
transducers; transducer arravs. acoustic in-
teraction effects in arrays, hvdroacoustic and
hyvdraulic transducers, and impulse transduc-
ers. Acoustic transducers of various tpes
must satisfy the application needs over a fre-
quency range of seven decades. In Fig. 1 is
shown a convenient comparison of the large
acoustic frequency range, the application,
and devices and materials. This article is de-
voted mostly to describing underwater trans-
ducers, how thev are tested, and how they
operate. An excellent introduction to under-
water electroacoustics can be found in Wil-
son (1983) and in Kinsler er al. (1982).

1. OPERATING ENVIRONMENT

Operating a transducer in an underwater
environment is dramatically different from
operating in air, and significantly affects how
the transducer is designed and the tvpes of
materials used in the design. To gather an
understanding of the difference, the relative

pressure for a given particle displacement in
air and water is now determined. The ratio
of acoustic pressure p to particle velocity v is
equal to the specific acoustic impedance of
the medium pc, where p is the density and ¢
is the sound velocity. The particle displace-
ment is given by

x = vlw = (plw)pc, n

where w = 2af is the angular frequency and
f is the frequency. The acoustic impedance
pc for water is 1.5 x 10° Rayls (Rayl = kg/
m?-sec) and for air is 415 Rayls. For a given
pressure and frequency, the ratio of the par-
ticle velocities is equal to the ratio of the
medium impedances; hence, 3600 times
more motion is needed in air than in water
to create the same pressure level. From this
it is obvious that a transducer in air must be
much more compliant than in water (e.g., a
compliant loudspeaker versus a stiff ce-
ramic).

2. MATERIALS

Materials typicallv used in an underwater
environment undergo a length or volume
change when an alternating electric or mag-
netic field is applied to the material. They
can be generally grouped into piezoelectrics,
ceramics, composites. polymers, and magne-
tostrictive materials.

2.1 Piezoelectric Materials

The piezoelectric effect arises because of
the asymmetries in the crystal structure,
which create an electric dipole moment in
the crystal lattice that is sensitive to both
elastic strain and applied electric field.

Weapons Sonar Ocean Acoustics
. . JAPPLICATION
< ! ! ! ! ! ! | . AcCOUSTIC
- ' v
100Mhz 10Mhz 1Mhz 100Khz 10Khz 1Khz 100Hz thz FREQUENCY
DEVICES
Thick Film Deposition 1-3 Composites Tonpilz Flextensional MATERIALS
Diced Ceramic Plates Single Ceramics Stacked Ceramic Low Freq. Resonators

FIG. 1. Acoustic frequency range for transducers.




Quartz is one of the earliest materials dis-
covered with the piezoelectric etfect. It is
rarely used for underwater projectors; how-
ever, its very low internal losses and verv
high mechanical Q lead to the use of quartz
in stable resonant circuits in the communi-
cation and electronics fields. Rochelle salt,
an extremely active piezoelectric material,
was used for early underwater projectors and
hydrophones, and as phonograph pickups
and microphones. It is very sensitive to
moisture, which can dissolve the crvstal, and
hence was replaced by more environmentally
stable materials for underwater transducers.
Ammonium dihydrogen phosphate (ADP) re-
placed Rochelle salt in the 1940s. Modern
transducers use piezoelectric ceramics,
which are sintered polycrystalline materials
polarized by large electrical fields while thev
are cooling from temperatures near or above
the Curie point (typically 20000 °C), a
characteristic temperature above which a ce-
ramic element shows no sign of piezoelectric
activity. In practice, the operating tempera-
ture should be limited to about half of the
Curie point. Ceramics can have their proper-
ties tailored to fit specific applications. In ad-
dition to the ceramics, piezorubber and pi-
ezoelectric polymers such as polwvinylidene
fluoride (PVDF) have come into use. Also, a
matrix material called “1-3 composites” (be-
cause of the orientation direction of its small
PZT rods) is coming into use for large trans-
ducer systems.

Other piezoelectric materials that are
sometimes used are these: Lithium sulfate
(LiSO,-H,0) is used for hydrophones; tour-
maline has been used in the calibration of
hydrostatic pressure devices and in the mea-
surement of blast wave pressures; lead me-

taniobate (PbNb,O,) has a verv high Curie

temperature and a low mechanical Q, and is
used for deep submergence hydrophones;
lead titanate (PbTiO;) has a large hvdrostatic
piezoelectric constant, which allows this ma-
terial to be used as a volume expander. A
volume expander means that all surfaces of
the material expand in phase, allowing sim-
ple hydrophone mounting materials to be
used. '

2.2 Piezoelectric Ceramics

The most widely used ceramics for under-
water transducers are made from lead zir-
conate titanate (PZT). The materials used for
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ceramics are polvcrysialline, which have Cu-
rie temperatures benween about 200 and 400
°C. Ceramic materials are quite variable in
their properties, are difficult to maintain
consistency between batches and manufac-
turers, and have nonlinear properties, and
their properties change with age. Even with
these problems, ceramics are the predomi-
nant type of piezoelectric material used to-
day. A good description of the properties of
piezoelectric materials can be found in Wil-
son (1985). The technology of barium titan-
ate (B) and lead zirconate titanate (PZT) has
been relatively stable so that their physical
properties can be listed with some degree of
confidence. A list can be obtained from any
manufacturer or from many of the refer-
ences given above.

Because the U.S. Navy procures ceramics
for their sonar svstems, a standard was de-
veloped for obtaining reproducibility of
transducer characteristics from one manu-
facturer to another. The military specifica-
tion is known as MIL-STD-1376(SHIPS), and
classifies ceramics in this way:

Classification. The ceramic shall be of the
following types:

Type I—Hard lead zirconate-titanate, such as
PZT-4, with a Curie temperature equal to
or greater than 310 °C.

Type II—Soft lead zirconate-titanate, such as
PZT-5, with a Curie temperature equal to
or greater than 330 °C.

Type III—Verv hard lead zirconate-titanate,
such as PZT-8, with a Curie temperature
equal to or greater than 290 °C. :

Type IV—Barium titanate with additives and
a Curie temperature equal to or greater
than 100 °C.

Type V—A high dielectric constant material
similar to type IL

Type VI—An exiremely high dielectric con-
stant material, such as PZT-5H, similar to

type II.

The type I compositions are hard materi-
als developed for high-power projectors.
Type I has a high electric field, high coupling
coefficient, and low dielectric loss properties
under high drive fields. The low dielectric
loss is important so that heating effects are
minimal. Type III materials provide high sta-
bility for high drive levels and very low di-
electric losses. Tvpes II, V, and VI are soft
materials developed for hydrophones and
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have high dielectric constants with high sen-
sitivitv, but also have high dielectric losses.
Type VI has an extremely high dielectric
constant and is often used in verv high-fre-
quency medical transducers.

The words hard and soft refer to how dif-
ficult it is to depolarize the ceramic. Unless
the manufacturing process is well controlled,
the values for a particular ceramic may vary
as much as 10%. A solution to the varving
properties from different batches and manu-
factures is to purchase all of the ceramic
that will be needed, plus spares. from a sin-
gle batch.

The piezoelectric constant d expresses the
ratio of the field developed along an axis to
the applied stress. It quantifies the move-
ment (motion) of the ceramic when a voltage
is applied. A high value of d is looked for in
ceramic used for a high-power projector. The
piezoelectric constant g expresses the ratio of
strain developed along an axis to the applied
field. It quantifies the output voltage of the
ceramic when a motion, or pressure, is ap-
plied. The product of the two piezoelectric
strain coefficients, g and d, is a verv useful
measure of “goodness” per unit volume of a
piezoelectric material when minimization of
the hvdrophone internal noise is a major de-
sign criterion. Lists of piezoelectric proper-
ties can be obtained from anv manufacturer
or in Wilson (1985).

2.3 Composite Ceramics

Considerable effort has been directed to
the development of new composite configu-
rations of the PZT ceramics with nonactive
materials. Piezorubber is composed of ce-
ramic particles imbedded into a rubber ma-
trix. It is very flexible, is used as hydro-
phones, and is called a 0-3 composite
material. The 0 means that the ceramic par-
ticles do not touch one another, and the 3
means that it is used in-the thickness mode.
Another new material is composed of many
small parallel ceramic rods imbedded verti-
cally in a matrix material. These are called 1-
3 composites because the ceramic is con-
nected in one direction, and it is used in the
thickness direction. This 1-3 composite is
available in large sheets and can be used as
a projector as well as a hydrophone. Large-
area sensors can be used because of the min-
imal planar vibration modes and the capabil-

ity to electroplate the surfaces. This material
is finding many applications in underwater
transducers.

2.4 Piezoelectric Polymers

Large piezoelectric effects are present in
the polvmer material polyvinylidene fluoride
(PVDF or PVF,). When the material is
stretched along one axis and polarized, it be-
comes a very useful sensor. It is available in
sheets with electrodes on the surfaces. For
hydrophone uses, thicknesses of the order of
500 um are used. PVDF has the advantages
of flexibilitv, an impedance close to that of
water, and a high hydrophone sensitivity
relative to thickness. It is a poor transmitter
and can be used only up to a temperature of
about 100 °C. PVDF can be used where a
very thin sensor is needed and where com-
plex shapes can be etched into its surface.
There are many other applications where a
continuous sensor material that does not
have any significant planar vibration modes
can be used.

2.5 Magnetostrictive Materials

The magnetostrictive effect occurs when a
magnetic field is applied to a material and
causes a strain that is a nonlinear function
of the applied field. The most important
magnetostrictive materials are nickel and
Terfenol-D. Nickel was used in the 1930s and
1940s in the construction of sonar projectors
and hvdrophones. Its use diminished be-
cause of its low electromechanical coupling
coefficient, which relates the amount of ki-
netic energv available in the material to its
total energv. Recently, the development of
Terfenol-D by Clark (1980) has made avail-
able a high electromechanical coupling coef-
ficient and a high electromagnetic strain.
This material appears to have a chance to re-
place ceramics in some sonar transducers,
especially in low-frequency projectors. A
combination of Terfenol-D and ceramics in a
single transducer has some interesting prop-
erties as described by Butler et al. (1990).

3. TESTING OF UNDERWATER
TRANSDUCERS

To be able to use transducers properly,
certain characteristics of the transducer and
arrays of transducers must be measured and
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Eq.
Calibration test Abbr. No. Formula Units
Free-field voltage FFVS, M 2 M, - E +E, dB re 1 ViuPa
sensitivity E. - E, — TVR, + 20 logD
Transmitting voltage
response TVR, S 3 E., - M, —E +21logh dBre pPaV@ 1 m
Transmitting current TCR 6 E. - M, -1 +20logD dBre uPa/A@ I m
response TVR + 20 log(1Zl)
Transmitting power TWR 7 E. - M, + 20logD ~ 10 dBre uyP2/W@ | m
response 8 log(e,i, cos ¢)
14 TVR + 10 log(R,)
170.8 + DI + 10 log()
Source level SL 12 TWR + 10 log (P) dBre uPa@ ! m
13 TVR + E,
13 170.8 + 10 log (P,) + DI =+ 10
log(n)
Equivalent
hydrophone thermal
noise SPL, 24 10 log(R) — M - 198 dB re | V/uPa
Equivalent parallel
resistance of
projector R, 9 Z'/cos ¢ Ohms
Efficiency m 10 log(P,/Py)
Beamwidth (-3 dB) BW (-3 dB) 16 Circular piston 60 A/d Degrees
18 Continuous line 50 vd
BW (-10dB) 20 1.8 BW (-3 dB)
BW (null) 21 2.3 BW (-3dB)
Directivity index DI 17 Circular piston 10 log(4= X
19 area/A?)

Continuous line 10 log(2L/A)

Cavitation threshold

intensity I 27 0.15[P.(0) + h/337? : Wiem?
Cavitation threshold

pressure at zero

depth P(0) 26 0.000 252 + 0.045f + 1 Atmospheres

understood. Equally important is knowing
the various tests that can be performed on
transducers and how to calculate the trans-
ducer parameters; see ANSI (1972). The term
“transducer” as presented here implies that
the device can be used either as a projector
(transmitter) or as a hydrophone (receiver).
When the term “projector” or “hvdrophone”
is mentioned, the characteristic being dis-
cussed will only apply to that type of device.
For example, the directivity pattern of a
transducer will be the same whether it is
used as a projector or as a hydrophone. Ef-
ficiency is only associated with a projector.
For quick reference, a tabulation of calibra-
tion formulas is presented in Table 1, and a
definition of variables is listed in Table 2.

3.1 Calibration Formulas

The free-field voltage sensitivity (FFVS) of
a hydrophone (or receiver) is the open-cir-
cuit electrical output of the hydrophone per

Table 2. Definition of variables used in Table 1.

E,  Measured open-circuit voltage of standard
hydrophone (dB)

E,  Measured open-circuit voltage of test
hydrophone (dB)

E,  Transmit voltage (dB)

e, Transmit voltage (V)

M,  FFVS of standard hydrophone (dB)

D Separation distance (m)

I, Transmit current (dB)

i, Transmit current (A)

) Voltage/current phase angle (deg)

DI  Directivity index (dB)

P, Input power (W)

P,  Output acoustic power (W)

R Equivalent series resistance of hydrophone
(D)

d Diameter of piston (m)

L Length of line source (m)

A Wavelength in water (m)

h Depth

f Frequency (kHz)
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unit free-field pressure. The symbol M is typ-
icallv used and was derived from the word
“microphone,” the air equivalent of a hvdro-
phone. The open-circuit voltage measure-
ment is made with a preamplifier with a
high input impedance. The free-field pressure
is what would exist at a given location with-
out the presence of reflections. The easiest
method to obtain the FFVS is by comparing
the unknown hydrophone with a standard
hydrophone when placed into the same
acoustic field (usually a pure tone burst of
sufficient time). A standard hvdrophone will
typicallv have a table of decibel signal level
versus frequency. The signal level received
by the hvdrophone is determined by measur-
ing the level within a time-gated portion of
the signal that corresponds to the direct
path. This way, interference due to reflected
pulses are ignored, and a high signal-to-noise
ratio is obtained. The FFVS, M, is given by

FFVS(dB) = M(dB) = M, — E, — E,,  (2)

where )/, is the FFVS (in dB) of the stan-
dard hvdrophone, E; is the measured open-
circuit voltage (in dB) of the standard hvdro-
phone, and E; is the measured open-circuit
voltage (in dB) of the hydrophone being cal-
ibrated. The subscript x denotes the un-
known or test hydrophone, and the subscript
s the standard hvdrophone. All units are
decibels referenced to 1 V per micropascal
(dB re 1 V/uPa). Sometimes this is called the
receive voltage sensitivity (RVS).

The transmitting voltage response (TVR) of
a projector is the transmitted free-field pres-
sure produced for a 1-V signal applied across
the electrical terminals of the transducer and
referenced to a distance of 1 m. The symbol
S is commonly used and stands for
“speaker.” The measurement is made by
monitoring the output voltage of a standard
hydrophone placed in the acoustic far field
(defined below) of the projector. The TVR, S,
is given by

TVR(dB) = S (dB)
=E, - M, - E, + 20log D, (3)

where E, is the measured open-circuit volt-
age (in dB) of the standard hyvdrophone, M
is the FFVS (in dB) of the standard hydro-
phone, E, is the projector transmit voltage
(in dB). and D is the separation distance in

meters. The units are decibels referenced to
| micropascal per volt at 1| meter (dB re
uPa/V @ | m).

The far-field distance x from a square or
circular transducer is conservatively defined
as

x = area/A, 4

where A is the wavelength in water. The far-
field distance x from a line or thin cylinder is
conservatively defined as

x = LA, (5)

where L is the line length.

The transmitting current response (TCR) of
a projector is the transmitted free-field pres-
sure produced for a 1-A signal applied to the
electrical terminals of a projector and refer-
enced to a distance of 1 m. The measure-
ment is made by monitoring the output volt-
age of a standard hydrophone placed in the
far field of the projector. The TCR is given
by

TCR(dB) = E, - M, = I, + 20log D,  (6)

where E; is the measured open-circuit volt-
age (in dB) of the standard hydrophone, M,
is the FFVS (in dB) of the standard hydro-
phone, [, is the projector transmit current (in
dB), and D is the separation distance in me-
ters. The units are decibels referenced to 1
micropascal per ampere at 1 meter (dB re
pPa/A @ 1 m).

The transmitting power response (TWR) of
a projector is the transmitted free-field pres-
sure produced for a signal of 1 W applied to
the electrical terminals of a transducer and
referenced to a distance of 1 m. The TWR is
given by

TWR = E, - M, - 20log D
- 10 logle.i, cos &), (7)

where E; is the measured open-circuit volt-
age (in dB) of the standard hydrophone, M,
is the FFVS (in dB) of the standard hydro-
phone, D is the separation distance in me-
ters, e, is the projector transmit voltage, i, is
the projector transmit current, and ¢ is the
voltage/current phase angle. The units are
decibels referenced to 1 micropascal per
watt at 1 meter (dB re uPa/W @ 1 m).




Using Egs. (3) and (7), the TWR can be
written as a function of TVR as

TWR = TVR + 10 log(R,), (3)

where R, is the equivalent parallel resistance
of the projector and is given by

R, = lzlicos o. 9

It is evident that either a standard hvdro-
phone or a calibrated projector is required to
obtain the transmit or receive response of an
unknown transducer. Hydrophones that have
calibration response data can be purchased,
or can be sent to a calibration facility.

An absolute method to calibrate transduc-
ers without the need of a standard is called a
reciprocity calibration. The reciprocity cali-
bration allows an absolute calibration with-
out the need of a transducer with a known
response (see ACOUSTICAL INSTRUMENTS). It
requires three transducers, one of which is a
projector, one a hydrophone, and one which
is reciprocal. A reciprocal transducer has the
ratio of its receiving sensitivity .M (when act-
ing as a hvdrophone) to its transmirtting cur-
rent response S (when acting as a projector)
equal to a constant called the reciprocity pa-
rameter, J:

FFVS
--:EE—I-{. . (10)

“~
I
_SI) |v\.§

For spherical waves,
J(dB) = 20 log(2/pc) = 354 + 20 logf, (11)

where p = 1000 kg/m? is the density of wa-
ter, ¢ = 1500 m/s is the sound velocity, and
f is the frequency. All units are MKS. Fortu-
nately, most ceramic transducers are recip-
rocal. Details of this calibration method will
not be presented here, as there are several
excellent discussions available; see Albers
(1963) or Bobber (1988).

The phase response of a projector is not
of concern in most calibrations. When mea-
suring phase response, the best reference is a
standard, omnidirectional hydrophone hav-
ing a constant sensitivity and operating well
below its resonance frequency. In this region
the phase of its transduction is constant and
well suited as a reference. Comparison phase
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measurements are obtained by reference to
the phase of the drive voltage.

The source level (SL) of a projector is the
transmitted free-field pressure produced by a
signal of the applied power or applied volt-
age to the electrical terminals of a projector
and referenced to a distance of 1 m. The SL
is given by

SL(dB) = TWR -~ 10log P, (12)
SL(dB) = TVR = E,, (13)

where P, is the projector input power (in
watts) and E, is the projector input voltage
(in dB). The units are decibels referenced to
1 micropascal at | meter (dB re uPa @ 1 m).

The power delivered to a projector is dis-
sipated in either the electrical or the mechan-
ical resistance within the transducer, or it is
radiated into the water. The efficiency (n) of
a projector is the ratio of the total acoustic
output power to the total electrical input
power. The TWR, Eq. (7), and SL, Eq. (12),
can also be written as functions of efficiency,

TWR(dB) = 170.8 = DI + 10 log 7, 14)

SL(dB) = 170.8 + 10log P, + DI
+ 10 log 7, (13)

where P, is the input power, DI is the direc-
tivity index (see Sec. 3.2), and the quantity
170.8 dB accounts for the pc of the medium
and the reference of 1 u Pa. The directivity
index is verv difficult to measure because it
involves the total power radiated and re-
quires the measurement- of directivity pat-
terns in several planes (Sec. 3.2 shows the
calculation of DI). The DI needs to be accu-
rate to 0.1 dB for a good efficiency calcula-
tion, which for most projectors ranges from
50% to 80%.

3.2 Calculated Parameters

One of the major parameters of a trans-
ducer or transducer array is the directivity
pattern (often called beam pattern), which is
the response level of the transducer as a
function of the incident angle of the sound.
A transducer will have the same directivity
pattern whether operating as a projector or a
hydrophone. It is a function of the aperture
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and frequency and is used to calculate the
power and efficiency parameters of the
transducer. A high directivity indicates that
the acoustic power of a projector is concen-
trated into a small region, and for a hydro-
phone high directivity allows high imaging
resolution and reduces the influence of
ocean isotropic noise. The direcriviry index,
DI, of a transducer is a verv important pa-
rameter that quantifies the sharpness. or di-
rectionality, of the pattern and is closelv as-
sociated with the beamwidth. Approximate
equations (Stansfield, 1990) for the half-
power (-3 dB) beamwidth BW and directiv-
ity index DI of a circular piston in an infinite
baffle are

BW = 60\/d, (16)
DI = 10 log (47 X area/A?). (17)

The approximate equations for the half-
power { —3 dB) beamwidth BW and directiv-
ity index DI of a continuous line are

BW ~ 30/L, (18)
DI = 10 log (2L/A). (19)

The beamwidth of a square radiating surface
uses Eq. (18), where L will be the side of the
square, and Eq. (17) for the DI. Parameters
for rectangular and elliptical radiating sur-
faces can be found in Albers (1965) or Stans-
field (1990). The beamwidths at the -~ 10-dB
level and between the first nulls can be ob-
tained bv using a multiplying factor:

BW(-10dB) ~ 1.8BW(-3 dB), (20)
BW(btun. nulls) = 2.3BW(-3 dB). 21

These equations apply for dimensions greater
than one wavelength of sound in water.

The equivalent thermal-noise pressure level
is important in determining the lowest signal
that can be developed in a hydrophone. This
noise level of the hydrophone can be associ-
ated with an equivalent sound-pressure level
in the ocean. The open-circuit voltage E,, de-
veloped by thermal agitation in a 1-Hz band
is called the Johnson noise,

E, = 4KTR, (22)

where K is the Boltzmann gas constant (1.38
x 1072 J/K), T is the absolute temperature
in kelvins, and R is the equivalent series re-
sistance of the electrical impedance of the
transducer in ohms (in general, this is a
function of frequency). The equivalent noise
sound-pressure level, SPL,, is

SPL, = E,/M, (23)

and written in decibel form for a tempera-
ture of 15 °C is

SPL(dB) = 10log(R) — M — 198. 29

For example, a 1000- impedance hydro-
phone with a FF\'S of —200 dB re 1 V/uPa
will have an equivalent thermal-noise sound-
pressure level of 20 dB re 1 V/uPa.

3.3 Cavitation

The onset of cavitation occurs when the
motion of the radiating face creates a partial
vacuum that is greater than the vapor pres-
sure of the water. The cavitation threshold is
the point where the power applied to the
projector is sufficient to start the formation
of bubbles at its face. An empirical curve
(Urick, 1973) that shows the frequency de-
pendence of the cavitation threshold P,, us-
ing continuous-wave (cw) data in fresh water
at atmospheric pressure, is

P_(0) = 0.00025f*

+ 0.045f — 1 (atmospheres), (25)
where P.(0) is the cavitation threshold at
zero depth and 1 is the frequency in kHz.
This is approximately valid up to frequencies
of a few hundred kilohertz. As the depth of
operation is increased, the cavitation thresh-
old increases as '

P.(h) = P(0) + ;10 (atmospheres), (26)

where P.(h) is the cavitation threshold at
depth h and 4 is the depth in meters. The
cavitation threshold can be approximately
expressed as occurring when the acoustic in-
tensity at the radiating face of the transducer
is equal to

I. = 0.15[P(0) + h/10]* W/em?®. 27
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FIG. 2. Schematic of a basic bilaminar flexural disk
transducer (Wilson, 1985).

In practice the intensity can be 2 to 3 times
higher before cavitation will affect the
source level. A value of 0.3 is used by Wilson
(1985). The intensity at the surface of a
transducer or array can be calculated by
multiplving the acoustic output power by the
area of the transducer. The cavitation thresh-
old is sensitive to temperature, dissolved-air
content, frequency, acoustic pulse length,
depth, and acoustic hot spots on the trans-
ducer face. Quantifying the onset of cavita-
tion is difficult and, if important, should be
determined experimentally. See Urick (1975)
and Stansfield (1990) for more information.

4. LOW-FREQUENCY TRANSDUCERS
(10-3000 Hz)

The design of transducers and arrays ca-
pable of radiating power at frequencies less
than about | kHz has the basic requirement
of producing large displacements efficiently.
The size and weight of the transducer be-
comes an important issue at these low fre-
quencies. since the source level depends
upon the amount of volume of water that is
moved. Radiation loading, which determines
the amount of sound radiated, is also typi-
cally small because the size of the transducer
is small relative to a wavelength. At 1 kHz
the wavelength of sound in water is 5 ft; at
100 Hz it is 50 ft. Fortunately, for most low-
frequency active transducers, the output

Rodiotly Compiiont
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power requirements are not as high as those
for transducers operating at higher frequen-
cies. To design high-power transducers at
low frequencies in a moderate size, they
need to be less stiff than a ceramic thickness
vibrator. To accomplish this more compliant
transducer design, use is made of a mechan-
ical amplification such as a lever. This pro-
vides a mechanical impedance transformer
resulting in a lower stiffness. One technique
for doing this is to use flexural motion of
plates and shells that have a lower stiffness
and a lower mechanical resonance frequency
for the same overall dimensions of the struc-
ture. Other methods involve the use of a gas-
filled enclosure as the stiffness element of
electromagnetic or hydraulic systems. The
general characteristics of these designs are
discussed in the following.

4.1 Flexural Disk

An example of a transducer that involves
flexure is the flexural plate transducer; see
Fig. 2. The basic principal of a flexural disk
is that if a force is applied to one face of a
thin metal disk, it will be displaced at the
center, or flex, purting one side into com-
‘pression and the other side into tension. A
bilaminar disk will have two piezoelectric ce-
ramic disks bonded together. An electrical
field across the ceramics will result in an ex-
pansion in the ceramic disk that has the field
and the polarization in the same direction,
and a compression in the ceramic that has
the field and the polarization in the opposite
direction. The result is to cause a bending of
the pair of disks converting a small displace-
ment in the ceramic into a larger displace-
ment of the surface radiating into water. For
more efficiency, a double bilaminar disk
transducer can be used, which has two faces
radiating in opposite directions to act as a
volume expander. Fig. 3. Basic design pa-

FIG. 3. Double bilaminar disk (Wilson,
1985).
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rameters were derived bv Woollett (1960)
and can serve as further reading.

A metal plate can be inserted between the
two ceramic disks, a trilaminar design, or
one of the ceramic disks can be replaced
with a metal plate. Tvpically. the ceramic is
placed on the outside of the metal so that
under a hvdrostatic load the ceramic will be
in compression so that it will not fracture.
Limitations on hydrostatic pressure can be
overcome by providing air pressure compen-
sation. This, however, adds complexity and
affects performance.

Flexural disk transducers are good as
small, modest-power sources at low frequen-
cies. Mechanical values of Q tvpically range
between 10 and 15. They are relatively low
cost because of their simple construction,
and hence will be an economical and com-
pact solution for not too demanding an ap-
plication. Flexural disks are extensively used

as low-frequency hvdrophones because of °

their low cost and high sensitivity.

4.2 Flextensional Transducer (300~
3000 Hz)

This device also utilizes flexure motion.
but instead of using the ceramic itself in flex-
ural motion, it uses a mechanical gain to
transform the thickness-mode vibration in
the ceramic into a larger displacement. The
basic features of the flextensional transducer
are illustrated schematicallv in Fig. 4. A

Bor
Displacement

Piezoelectric
Caramic
Exponder
Bor
Shell

Dispiocement I

Oval
Shel!

FIG. 4. Schematic of a flextensional transducer (Wil-
son. 1985).

stack of ceramics operates in the thickness
mode and is connected to a surrounding
shell. When the stack expands, the major
axis of the shell moves outward, and the mi-
nor axis moves inward. This produces a
large volume displacement, transforming the
high-impedance, small motion of the stack
into a lower-impedance, larger movement of
the shell. Several different tvpes of design
use this mechanism and are divided into
classes of flextensional transducers. Flexural
transducers primarilv are designed to reso-
nate in the frequency range of 300 to 3000
Hz, and generally have higher power outputs
than the flexural disks, although at a higher
cost (Stansfield. 1990).

A Class I flextensional transducer is a
three-dimensional structure created by rotat-
ing about an axis along the stack; see Fig. 3.
If it is rotated about an axis normal to the
stack, a ring-shell projector is obtained, a
Class V flextensional. The ceramic in a Class
V flextensional is also extended in the third
dimension and forms either a disk, which
drives the shell bv radial stress in the disk,
or a ring around the circumference joining
the two half shells.

Another configuration is an elliptical cvl-
inder generated by extending the figure out
of the plane of the sketch and capping it on
both top and bottom. This is called a Class
IV flextensional tansducer and has been
studied more thoroughly than other classes.
Design characteristics have been calculated
by analytical and by finite-element analvsis;
however, the design depends on a number of
parameters and does not lead to any simple
design equations. The resonance frequency
and the maximum hydrostatic pressure that
an elliptical shell can withstand depend on
the major and minor axis, wall thickness,
and material properties of the shell, with the
stack having a lesser influence. A rule of
thumb is that eccentricity should not be
greater than about 3. The use of a glass-re-
inforced plastic shell helps achieve a low res-
onance frequency and wide bandwidth.

The size of tlextensional transducers is
generally much less than a wavelength in
water at their resonance frequency; hence,
they tend to have an omnidirectional direc-
tivity pattern in the plane perpendicular to
their axis. Values of mechanical Q down to 2
are achievable. Compared to a flexural disk
of the same size. the Q of a flextensional
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transducer can be lower by a factor of 2.
Also, a flextensional can be smaller than a
flexural disk when hydrostatic pressure is the
limiting requirement.

A compressive prestress must be applied
to the stack in order to achieve high power
output. It is usually accomplished by squeez-
ing the minor axis, which expands the major
axis, then inserting the stack into the shell.
The relaxation of the shell applies the proper
preload needed for the stack. It must also be
realized that the hydrostatic pressure, which
applies force to the shell, will also compress
the minor axis and reduce the preload on the
stack. The preload must be sufficiently de-
signed so that hydrostatic pressure does not
adversely affect its performance. Finite-ele-
ment analysis is needed to detail the static
stresses in the shell under hydrostatic pres-
sures. Material fatigue during high-power
operation must also be taken into account.

In summary, flextensional transducers
constitute useful sources within the band of
about 300-3000 Hz. They can provide signifi-
cant power from a compact size, can operate
at high hvdrostatic pressures, and have wide
bandwidths, especially when compared to
other designs such as the air-backed flexural
disk. The cost, however, is higher. The de-
sign process needs considerable care, using
finite-element analysis to account for the
complex interactions between parameters.

4.3 Free-Flooded Ring

A cvlindrical ring that is open to the wa-
ter (a free-flooded ring) can be used for low-
frequency projectors that are independent of
hydrostatic pressure. This transducer oper-
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Class ill (inverted or barrei-stave)

FIG. 5. Flextensional transducer classes
(McCollum et al., 1992).

ates in the ring, or circumferential, mode of
vibration. The radiation from the inner and
end surfaces of the ring oppose that from
the outer surface and can lead to partial can-
cellation of the radiation. It is possible, how-
ever, to design the height of the ring such
that cancellation effects are not too great.
Because it can be free flooded, no pressure
compensation mechanisms are required.
Since the resonance frequency is dependent
on the diameter of the ring, a resonance of
1000 Hz would result in a ring of about 1 m
diameter, which is impractical. The free-
flooded ring can be typically used for fre-
quencies above about 4000 Hz.

4.4 Mechanical Transducer

In the frequency range of 1-50 Hz an
electric motor can be used to drive pistons
to sufficiently large amplitudes of vibration.
The frequency can be changed by varying
the speed of the motor; however, it is not
easy to change the amplitude of the oscilla-
tion, which limits the versatility of this ap-
proach. They are verv useful when high
power is required at frequencies below about
20 Hz.

4.5 Electromagnetic, Moving-Coil
Transducers

Moving-coil electromagnetic transducers
can be considered at audio frequencies. They
are used as loudspeakers in air because large
displacements are easily generated. In water
they can be used as low-power, wide-band-
width sources from 40 Hz to 20 kHz. The J9
transducer is a standard projector that has a
moving coil mounted on a very compliant
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suspension system. It is necessary to balance
the air pressure within the transducer to the
external water pressure by means of an air-
filled collapsible rubber bag. Bevond a depth
of about 25 m an air compensation device is
needed. The maximum power for the J9 is
20 W at frequencies above 200 Hz. but the
efficiency is less than 1%. This device re-
quires careful handling so that the suspen-
sion is not damaged. Also, the calibrated re-
sponse may vary with drive level. It should
be calibrated every time it is used.

4.6 Resonant Bubble Transducer

A gas-filled bag can be placed at the face
of a moving-coil transducer to increase the
radiation loading and increase the efficiency
near resonance. The broadband low effi-
ciency of a moving-coil transducer is trans-
formed into a narrower-bandwidth, higher-
efficiency transducer. The compliance in the
bubble. or bag, provides a compact low-fre-
quency source of modest power, narrow
bandwidth, and a resonance frequency that
varies with depth.

4.7 Helmholtz Resonator

The Helmholtz resonator is another reso-
nant device that can be used as a low-fre-
quency source. This resonator uses a rigid
enclosed volume with a short neck of speci-
fied length and cross-sectional area. The
outer end of the neck is exposed to the me-
dium. The compliance of the cavity volume
resonates with the mass of the fluid in the
neck to form a simple mass-spring svstem. A
transducer is placed in the wall of the caviry
to excite the resonance. The resonance fre-
quency is not dependent on density but is
proportional to the sound velocity of the me-
dium. Therefore, the resonance frequency of
a Helmholtz resonator in water is about four
times higher than in air. The mechanical Qy,
is typically well above 20. The best way to
reduce the resonance frequency is to maxi-
mize the cavity volume to a limit where the
dimensions remain less than A/4. One
method of exciting the cavity is to place a
flexural disk at one end of the cavity; an-
other is to use ceramic rings in the wall of a
cvlindrical cavity. Cavitation can occur
within the cavity at high source levels.

The Helmbholtz resonator is a potential so-
lution for a compact low-frequency projector

that can operate down to great depths. In
practice, to achieve rigid walls in a water en-
vironment requires thick walls, hence extra
weight, and the narrow bandwidth and low
efficiency have limited their usefulness. The
use of this device. some specific design pa-
rameters, and their effects on the acoustic
performance are addressed by Henriquez
and Young (1980) and Kinsler er al. (1982).

4.8 Hydroacoustic Projector

The hvdroacoustic projector, developed by
Bouyoucos (1973}, is a device that uses hy-
draulic fluid at high pressure to drive a flex-
ing disk or a piston and is capable of large
amplitudes of motion. A high-pressure hy-
draulic fluid flow is controlled by an electro-
mechanical shuttle valve that causes the pres-
sure oscillations in the acoustic drive cavity.
This, in turn, exerts pressure oscillations on
the flexural disks. which then radiate into the
water. The electromechanical valve is typi-
cally a ceramic stack and provides control for
the transducer. Power is derived from the
high-pressure hvdraulic fluid. The flexural
disks, plus the various components, are de-
signed to resonate over a fractional band-
width of about 20¢%. It is an effective high-
power source at low frequencies where
weight and size are not critical. It is best used
at frequencies below a few kilohertz and is
not suitable for use as a hydrophone.

4.9 Spherical-Shell Transducer

A spherical shell composed of piezoelec-
tric ceramic is another design for achieving a
low-resonance frequency with a reasonable
value of Q. One approach is to fabricate a
large sphere with a number of triangular-
shaped ceramic plates. These plates are ce-
mented together into a mosaic to form a
spherical shape, which radiates an omnidi-
rectional pattern. A 30-in. diameter sphere
has been fabricated with a usable frequency
range from 0.5 to 2.0 kHz and a minimum
efficiency of 75%.

4.10 Impulsive Transducer

Explosive sources are the most common
impulsive source. Urick (1975) gives a good
description of their use as underwater sound
sources. These are commonly small charges
of explosive materials ranging from a few




grains to a few pounds. High velocity of det-
onation explosives such as TNT (>13 000 fu
s) are preferred over other materials such as
black powder (0.1-1 ft/s), which has an ex-
plosion process called deflagration. or burn-
ing. The detonation introduces a shock wave
normally followed by a series of pressure
“bubble” pulses. Only one or two bubble os-
cillations are of practical significance. About
40% of the total chemical enérgy is radiated
-as acoustic energy. Most of the acoustic en-
ergy is concentrated between 5 and 1000 Hz.
Explosive charges are easilv portable and
yield a short, omnidirectional, high-power,
broadband pulse. The disadvantage is that
explosives cannot be made repeatable, give a
high background of reverberation, and can-
not be coded for sonar applications.

The sonar thumper is an impulsive source
generated by the repulsion of an aluminum
plate bv a large coil imbedded in a plastic
matrix; see Albers (1965). A pulse of current
in the coil induces eddy currents in the alu-
minum plate, causing it to be repelled by the
coil. A large pulse of short duration (a capac-
itive discharge) needs to be passed through
the coil. Although the pressure pulses are
smaller than using an explosive, the thumper
can be triggered and synchronized with a re-
corder svstem.

An underwater spark source acts as a
small impulsive source but can be repeated
for a number of pulses. A capacitive dis-
charge across a gap between a pair of elec-
trodes in the water generates the acoustic
noise. It is a very simple transducer but has
the disadvantage that the condition of the
electrodes changes with use, which varies
the pressure level of successive sparks. Peak
pressures of 240 dB re 1 uPa at | m are pos-
sible. An air gun impulse source is created
when high-pressure air is momentarily
vented to the surrounding water to produce
an air-filled cavity, which then collapses and
radiates a transient pulse.

5. LONGITUDINAL VIBRATOR
TRANSDUCERS (3 kHz to >100 MHz)

Longitudinal vibrators represent the stan-
dard transducer type used for a broad fre-
quency range from about 3 kHz to above 100
MHz. Tonpilz transducers, which are a com-
posite of ceramic and “head” and “tail”
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masses, predominate up to a frequency of
about 100 kHz. Near the lower frequency of
3 kHz, the length and mass of the transducer
becomes very large and other types become
useful. Near 100 kHz the tonpilz transducer
becomes very small, and it is more conven-
ient simply to use the thickness vibration
mode of a ceramic. The frequency range of
5-50 kHz is mainly used for weapon and de-
tection sonars. From about 50 to 600 kHz,
transducers are used for mine hunting,
ocean bottom profiling, and fish finders. Fre-
quencies from 600 kHz to 3 MHz are used
for in-water high-resolution imaging arrays.
Above about 3 MHz. transducers are used
for medical ultrasound imaging and nonde-
structive testing. Ultrasonic microscopes op-
erate up to the gigahertz frequency range.

5.1 Tonpilz Transducers

The tonpilz transducer is a longitudinal
vibrator and gets its name from a composi-
tion of two German words, “sound” and
“mushroom” or “singing mushroom.” It is
named, as can be seen, from its shape as
shown in Fig. 6. These transducers are oper-
ated near resonance and typically are com-
bined into arravs of many elements. Since
arrays are often electrically phased to steer
their directivity patterns to angles away from
the normal to the plane of the array, the size
of the radiating face needs to be about half
of a wavelength in water. The tonpilz trans-
ducer has head and tail masses and a central
ceramic {or magnetostrictive) motor section
that are bonded together and put into com-
pression by a central bolt. This creates a
mass-spring-mass svstem that is a very effi-
cient vibrator and radiator. The face of the
head couples into water, and the tail has as
light an acoustic load (such as air) as possi-
ble. A large radiated sound power can be
achieved by this design.

There are four basic approaches to the

_tonpilz transducer design. The first approach

is mentioned by Wilson (1985), who treats
the transducer as a mass-spring-mass sys-
tem. A second approach uses equivalent cir-
cuits or four-port networks as discussed by
many authors. This is the most common
method of tonpilz transducer design and re-
quires electrical circuit programs or special
codes to handle the complex, coupled equa-
tions. A third design approach is from Mc-
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Cammon and Thomson (1980), who treat the
tonpilz transducer from an energy and wave-
guide basis, and a fourth approach uses fi-
nite-element analysis, which gives a verv de-
tailed vibration characterization, but is verv
time-consuming. Often the design is made by
using a combination of the second and
fourth approaches to generate an approxi-
mate design (within 10%) and then to detail
the design. The first approach is not used
verv often but is more illustrative.

A tonpilz transducer can be used for fre-
quencies from about 3 kHz to about 100
kHz. At frequencies above about 100 kHz, a
thickness vibrator can be used. At 100 kHz a
ceramic thickness vibrator made of a PZT-4
rod would have a length of 2 ¢cm, and it
would be less expensive. A tonpilz trans-
ducer. being a composite element, is used to
reduce the overall length, make the stresses
in the active material more uniform, make
use of the piezoelectric material more effec-
tive, and reduce the mechanical Q. The ra-
diating face typically has a larger area than
the ceramic in order to increase the power
output for a given strain in the ceramic and
to obtain a better impedance match between
water and the active transducer material.

Preload [y, 6. Schematic of a tonpilz longitudi-
Bolt nal vibrator.

The head/ceramic area ratio is limited to
about 3-10 by the need to avoid flexural res-
onances in the tonpilz head and to have a
sufficient volume of ceramic.

It is typically assumed that all compo-
nents of the element are small compared to
a wavelength. The desire is to have the ele-
ment face dimension be half of a wavelength
in water so that multiple-element arrays can
be phased for beam steering. The head mass
should be kept light by using a low-density
metal, such as aluminum or magnesium, and
a minimal thickness determined by setting
its flexural resonance at about twice the fun-
damental resonance. The ceramic stack de-
sign must consider the number of ceramics,
dimensions, compliance, electric field limits,
power-handling capability, electrical impe-
dance, electromechanical coupling coeffi-
cient, and cost. For most cases the ceramic
used for transducers that both transmit and
receive is PZT-4 (Navy type I). If high
acoustic fields are required, then projectors
use PZT-8 (Navy tvpe III) to minimize high-
power heating effects. Designs typically use
multiple stacked rings of 4 to 6 ceramics for
low-impedance, high-power applications
where the transducer must also receive. An




even number of rings is used so that they
can be connected in parallel with alternating
polaritv and electric fields. The maximum
usable electrical field limit of ceramics is of-
ten a limit for the operation of the trans-
ducer. For PZT-4 (Navy type I), the maxi-
mum field is about 2400 V/cm (6 V/mil), and
for PZT-8 (Navy type III) it is about 4000 V/
cm (10 V/mil). The maximum voltage that
can be applied to a transducer is equal to
the field limit times the thickness of a single
ceramic. For more information on the
power-handling capabilities of ceramics, see
Berlincourt er al. (1964).

To maximize the displacement of the
head, the tail mass should be made as large
as possible and have a mass 3 to 5 times that
of the head. Typically a high-density metal
such as tungsten, stainless steel, or brass is
used. The in-water mechanical Q will tvpi-
callv have a value of 5 to 7; however. when
assembled into an array, the Q will drop to a
value of 2 to 5. A bolt is typicallv used be-
tween the head and tail to place a compres-
sive load of 2000 to 6000 lb/in.* on the ce-
ramic so that high drive levels do not place
the ceramics into tension. Placing the ceram-
ics into tension may result in creating micro-
cracks that will lead to failure.

The tonpilz transducer is capable of verv
high source levels, has an efficiency of (80-
90)%, and is typically formed into arravs,
which can form patterns capable of being
steered to different angles. These arrayvs are
used for imaging and locating objects. The
cavitation threshold for the transducer or the
array is calculated using Eq. (23). The inten-
sity times the array face area gives a cavita-
tion limited maximum power.

5.2 Thickness Vibrators

At frequencies higher than 100 kHz, solid
ceramic shapes are typically used. These
transducers can become a significant portion
of a wavelength in size, and it is often nec-
essaryv to account for vibration modes set up
in the ceramic. The mathematics of analysis
may become more complex, but the design
itself has less flexibility than the low-fre-
quency designs. It is at these frequencies
that the broad-area transducers such as
PVDF and the 1-3 PZT composites are be-
coming popular. These newer materials have
greatlv reduced or eliminated unwanted
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structural vibrations, allowing single trans-
ducers with a size of many wavelengths.

A thickness viprator is a thin plate in
which both the electrical field and the polar-
ization are in the thickness direction. A
length expander is a long thin bar with the
electrical field parallel to the length. The po-
larization is also in the same direction as the
electric field. To determine the fundamental
resonance frequencv for these vibration
modes as well as for others, the equations
are presented in Table 3 as a function of the
frequency ‘constant and the controlling di-
mension of the vibrator. This is a very useful
table for determining the ceramic dimen-
sions needed for a particular design. Fish
finders, mine-hunting transducers, bottom
profilers, ultrasonic medical transducers, and
nondestructive testing transducers are typi-
cally fabricated by starting with a ceramic
plate, dicing it into small elements, and then
filling the gaps with a polvmer. These are, in
essence, 1-3 composite materials that have a
specific design and application. Complex
shape transducers using injection-molded
1-3 composite materials have been fabri-
cated by the author using electroplating
techniques. Complete arrays and large-area
projector/hvdrophone transducers are possi-
ble because of the mode decoupling achieved
in a 1-3 composite.

When an air-backed transducer is excited
by a pulse, little energy is lost and it rings"at
its resonance frequency. This impedance
mismatch at the back of the transducer is
desirable for coniinuous-wave operation;
however, it is very undesirable for medical
ultrasonic transducers. Lateral resolution in
ultrasonic imaging is dependent on the
transducer reproducing a pulse with little
ringing present. Ringing can be reduced by
using absorptive backings such as a tung-
sten-loaded epoxy. The penalty with using an
absorptive backing to reduce ringing is a re-
duction in the sensitivity. A more current
approach is to apply matching layers of suit-
able thickness (approximately quarter wave-
length) and characteristic impedance be-
tween the ceramic and the medium. These
layers permit efficient power transfer from
the ceramic to water (the human body) with-
out much loss in sensitivity. Typically a light
acoustic backing will also be used. The use
of matching lavers to reduce ringing also re-
sults in a broader bandwidth. See Shung
(1992) for more detail.
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Table 3. Vibration modes for common transducer configurations.

Frequency constant in kHz-m

(kHz-in)
Shape and Twpe  Tvpe  Tvpe Type
electrode Type of  Direction of Controlling 1 4| v A
position Vibration mode coupling polarization dimension  PZT<4 PZT-8 BaTiO, PZT-5H
-~ ——] ——e
i [—— ky, ¢ L 1.60 1.75 2.34 1.41
Lo:rg,stt:xigx bar Longitudinal mode (63) (69) (92) (56)
Length varies
] 4 ks s T 203 213 287 1.75
Plate or _;, (80) (84) (113) (69)
. Thickness mode
Thickness varies
Thin disc
- k, : D 216 236 318 198
g . @5 93 (125  (78)
Thin disc Radial mode
Radius varies
ks, Nt D 1.02 1.07 1.47 0.89
) % DR @0 (4 (B (33)
|
Thin walled tube  Radial mode
Mean diameter
varies
St = Ky - T 132 133 159 1.10
Shear plate = 1 {32) (37 (62) (43)
Thickness shear
mode
rectangular
cross-section is
distorted into a
rhombus
‘@ k, 2 D 1.72 1.83 2.46 1.47
= T PR (63) (72) 97) (58)
Thin walled
sphere Radial mode
Mean diameter
varies
i k, N l‘ ’ D 2.08ﬁ 2.26 3.02 1.82
g@n N (82) (89) (119) (73)
Hemisphere =
Radial mode
Mean diameter
varies
-;/ t ks, lort L? 0.51 0.56 0.74 0.46
———] Tl ry (20 (22) (29) (18)
S t
g
:}L,-“ Flexural mode
B‘ 4 Free end moves at
ender right angle to
transducer

beam axis

5.3 Shaped Ceramic Transducers

Ceramic piezoelectric materials can be
fabricated into a wide variety of shapes and
sizes, and they lend themselves to designs

for specific applications that would be diffi-
cult for single ceramic pieces. The shapes
shown in Table 3 are an example.

Spherical transducers are typically the
choice for omnidirectional patterns. Com-



plete omnidirectionality can be obtained by
using a spherical transducer that has a di-
ameter smaller than a wavelength. One of
the problems of a sphere is attaching leads
to the inner electrode. For this reason two
hemispheres are used, with the wires being
attached prior to bonding the two pieces to-
gether. Small cylindrical transducers will also
produce omnidirectional patterns and are of-
ten easier to fabricate. When used as a hy-
drophone, the cylinder dimensions are deter-
mined by the frequency range over which a
flat response is desired. The upper limit of
the flat range is slightly below the lowest res-
onance frequency. When operating as a pro-
jector, the fundamental resonance mode will
produce the peak acoustic pressure level.
There are three fundamental modes of vibra-
tion: length mode (a half-wavelength resona-
tor), radial mode (the breathing mode, cal-
culated using the mean diameter), and
wall-thickness mode. Some coupling is pres-
ent between these various modes of vibra-
tion. The coupling between the length and
radial modes becomes very strong when the
length is approximately three times the mean
radius, and results in distorted patterns and
frequency responses. This ratio is a design
“forbidden zone” and should be avoided. See
Hueter and Bolt (1955) for more detail. The
cvlindrical ceramic typically has its ends
capped to shield the inner cylindrical surface
from the acoustic medium. Since the outside
and inside surfaces are electroded, and the
polarization is radial, the electrical impe-
dance is low. Also, the cylinder has a large
radiating area in relation to the cross section
of the ceramic, resulting in the mechanical
impedance of the element being much lower
than a solid ceramic of the same dimension.
This permits a better acoustic match be-
tween the ceramic and the water.

A bimorph is a bender transducer (see Ta-
ble 3), which flexes and has the capability
for handling larger motions and smaller
forces than single piezoelectric plates. This
transducer is fabricated by bonding two
shear-mode plates or two longitudinal-mode
plates together in such a manner that when
a voltage is applied, the plates will deform in
opposite directions, resulting in a bending or
twisting action. One example is the low-fre-
quency flextensional transducer discussed
earlier. The bimorph is typically a high-fre-
quency transducer operating in air and is of-
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ten used for ac and dc relays, audio alarms.
tweeters, and micromanipulators. A shear-
mode transducer has been used in shear ac-
celerometers and for generating surface
waves on structures.

6. OTHER TRANSDUCERS

- Parametric transducers are used to create
very narrow beamwidths at low frequencies.
They rely on the nonlinear properties of wa-
ter at high source levels. When two frequen-
cies are generated at high amplitudes, inter-
modulation products are produced in the
nonlinear medium such that the column of
fluid in front of the transducer acts as a thin
line array radiating in the direction of prop-
agation. This characteristic is equivalent to
an end-fire acoustic array. The low-frequency
difference beam, called the secondary fre-
quency component, has nearly the same
beamwidth as at the primary frequency. The
narrow beamwidth is achieved by use of a
transducer that has a much smaller aperture
than a conventional transducer. Even though
the narrow beamwidth is very attractive, the
parametric array is not typically used be-
cause the process is verv inefficient.

In fiber optic sensors the variation in pres-
sure in acoustic waves affects the optical
properties of thin fiber optic cables. Com-
pared to other hydrophones, it has high sen-
sitivity and is insensitive to electromagnetic
interference. In almost all of the standard
configurations the sensing of the acoustic
wave is accomplished in an optical detector
that is sensitive to phase differences between
light that has traveled a distance in fiber ex-
posed to the sound and light that has trav-
eled about the same distance but was not ex-
posed to the sound. Mechanical noise pickup
is a problem.

Chemical acoustic sensors result from phe-
nomena in electroivtes that permit sensing
acoustic pressure bv measuring electrochem-
ical potential. An acoustic wave that strikes
an electrode where gas is being liberated by
electrolysis-causes an alternating component
of the electrical potential. In another phe-
nomenon, when a layer of electrolyte-filled
nonconducting fiber surrounds an electrode,
an electrokinetic effect in the fiber changes
the electrode potential relative to the sur-
rounding electrolyte. A microphone for low-
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frequency sounds called the solion infrasonic
microphone uses a chemical reaction that
depends on the flow of ions through an
acoustic resistance placed in the electrolyte
between the electrodes.
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Capped Ceramic Underwater Sound Projector
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Materials Research Laboratory, 'Applied Research Laboratory
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University Park, PA 16802 USA

Abstract -- A new type of transducer has been
developed for use as a shallow water sound projector
at frequencies from 5 kHz to 50 kHz. Dubbed the
‘cymbal’, it is similar to the more commonly
known ‘moonie’ or class V ring/shell flextensional
designs. Prototype cymbal arrays with a radiating
area of 14.5 cm’ have been developed and tested.
Two mounting schemes were examined: unpotted and
potted in a 5 mm thick layer of stiff polyurethane.
In both cases, a transmitting response comparable
to the more widely used tonpilz transducer is
attainable. When tested under hydrostatic pressures,
the cymbal can withstand pressures of at least 2.5
MPa (which corresponds to 250 m of water depth)
without a degradation in its performance.

1. INTRODUCTION

Sound transmission is the single most effective means of
directing energy transfer over large distances underwater [1].
The number of applications which utilize some form of
acoustic energy is quite large, with frequencies ranging
anywhere between 10 Hz to 10’ Hz. There is currenty a
great interest in the development of shallow water acoustic
projectors that operate in the frequency range from 1 kHz to
100 kHz. Ideally, these transducers should be thin,
lightweight, exhibit medium to high acoustic output power,
be able to conform to a curved surface, and be of simple
design such that they are easy and inexpensive to mass
produce.

Currently, the predominant underwater projector systems
that operate in the 1 kHz to 100 kHz frequency range are the
tonpilz transducers and 1-3 composites. The tonpilz transducer
consists of a stack of piezoceramic (typically PZT) rings
connected mechanically in series and electrically in parallel.
The ring stack is sandwiched between two metal masses: a
heavy tailmass and a light, flared headmass which serves to
transmit the generated acoustic energy into the surroundings.
Tonpilz transducers are characterized by their very large
acoustic output power, are typically tens of centimeters in
~ thickness, and are designed to operate at frequencies below
100 kHz.

This work was funded by the Office of Naval Research

The 1-3 type composites consist of a number of piezo-
ceramic rods separated by 2 3-D interconnected polymer
matrix. These composites have been manufactured in a
number of ways [2]. The current state of the art fabrication
method is by injection molding (3]. The performance of 1-3
composites is strongly affected by the elastic properties of
both the ceramic and polymer phases, the volume fraction of
piezoceramic rods, and most importantly, the aspect ratio of
the ceramic rods [4]. Typical 1-3 composites designed for use
below 100 kHz are at least 1 cm thick.

A third type of underwater projector that is seeing a
resurgence in interest is the so-called flextensional transducer.
Flextensionals have been in existence since the 1920s and
have seen use as underwater projectors since the late 1950s
[5]. Flextensionals consist of a piezoceramic drive element
encapsulated by a metal shell. The shape of the shell has
become quite diverse over the years and so a classification
system has been established to group the common designs
together [6]. Flextensional transducers typically range in size
from several centimeters to several meters in length and can
weigh up to hundreds of kilograms.

A minjaturized version of the class V flextensional
transducer was developed in the late 1980s at the Materials
Research Laboratory at The Pennsylvania State University for
use as an underwater pressure sensor [7]. This transducer was
named the ‘moonie’ due to the crescent moon shaped cavity
on the inner surface of the caps. A second generation moonie-
type transducer has recenty been developed which consists of
a thinner cap with a slightly different shape. This transducer
has been dubbed the ‘cymbal’ due the similarity in shape of
its caps to that of the musical instrument of the same name.
The moonie and cymbal designs are compared in Fig. 1.

The moonie and cymbal transducers consist of 2
piezoceramic (usually PZT) disk poled in the thickness
direction which is sandwiched between and mechanically
coupled to two metal caps, each of which contains a shallow
cavity on its inner surface. The presence of these cavities
allows the caps to convert and amplify the small radial
displacement and vibration velocity of the piezoceramic disk
into a much larger axial displacement and vibration velocity
normal to the surface of the caps. This enhanced displacement
and vibration velocity from the caps contritute to a much
larger acoustic pressure output than would occur in the
uncapped ceramic. The dimensions of the standard-size

- moonie and cymbal transducers are presented in TABLE I.
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(b) cymbal structure

Fig. 1. Cross-sectional views of the (a) moonie-type. and {b) cymbal-type
transducers. The dark areas represent the caps and the cross-hatched areas

the PZT disk.
TABLE [ :
DIMENSIONS OF THE STANDARD MOONTE AND CyYMBAL TRANSDUCERS
Moome R .
Rimansion

cap diameter 12.7 mm

«ap unckness 1.0 mm

cavity depth 0.25 mm

cavity diameter 9.0 mm

PZT (hickness 1.0 mm

PZT diameter 127 mm

Cymbal

cap diameter 127 mm

<ap thickness 0.25 mm

cavity depth 0.30 mm

cavity dumeter 9.0 mm

dimple diameter 3.0 mm

PZT thickness 1.0 mm

PZT diameter 127 mm

weipht = 2 prams

L. PARAMETERS TO MEASURE

Among the relevant parameters that need to be reported in
order to fully characterize an underwater projector, the most
important are resonance frequency, mechanical Q,
electroacoustic  efficiency, electromechanical  coupling
coefficient (k,,), transmitting voltage response (TVR), source
level (SL). and beam patterns. Transmitting voltage responsc
is equal to the sound pressure preduced by the projector

referenced (re:) to a distance of one meter from the acoustic
center of the transducer when unit voltage is applied across its
electrical terminals. It is reported in terms of dB re: | pP/V
@ | m. or as | pPasm/V. Source level is the intensity of the
radiated sound (i.e. radiated power) relative to the intensity of
a plane wave of rms pressure | pPa referred to 2 point one
meter from the acoustic center of the projector. Source level
is related to the transmitting voltage response through the
applied input voltage as:
SL = TVR + 20°l0g V5 ms (¢))]

Thus. this parameter has the same units as TVR. In general. a
source level of greater than 200 dB re: | pPa/V @ 1 m is
desirable. The beam pattern describes the response of the
wransducer relative to its main acoustic axis.

III. COMPUTER MODELING

The ANSYS® finite element software program (version
5.1) was used to model the behavior of the cymbal transducer
both in-air as well as when it was water-loaded. Modal
analysis of a wwo-dimensional axisymmetric model was
performed to obtain vibration mode shapes, resonance
frequencies, and the stress distribution within the structure at
resonance. Harmonic analysis was utilized to calculate
admittance versus frequency curves. from which a theoretical
effective coupling coefficient could be derived.

IV. EXPERIMENTAL PROCEDURE

Single element cymbal transducers were fabricated by first
simultaneously cutting and shaping the caps in a die press.
The caps were then adhered to 2 poled PZT disk using a very
thin layer of epoxy. The bonding quality after curing was
characterized by measuring the admittance spectra of the
transducer.

Single element cymbal transducers were_incorporated into
9-element square arrays, where the single elements were wired
together clectrically in parailel. Two mounting schemes were
investigated: unpotted and poted in a stff layer of
polyurethane approximately 5 mm thick.

Underwater calibration tests were performed in the anechoic
water tank 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 applicd to the test transducer and its acoustic
output was subscquently measured by a standard F33
hydrophone. The test transducer and the standard are
positioned so that they are ata depth of 2.74 m and separated
by a distance of 3.16 m.




V. RESULTS AND DISCUSSION

TABLE II provides some typical experimentally measured
values for the parameters described in section II. These are ail
values for standard-size single element brass-capped cymbals
except where otherwise noted. The large shift in the
fundamental resonance frequency is due to the mass loading
effect of the water. The d;, coefficient is really an effective dy
coefficient (since it is reported for a device). The PZT type in
parenthesis is the type used as the active element in the
transducer.

TABLE Il
TYPICAL AIR- AND WATER-LOADED CHARACTERISTICS OF THE STANDARD-SIZE
BRrASS-CAPPED CYMBAL TRANSDUCER

wr-loading waler-loading
L 234 kHz 15.9 kHz
k., 0.20 Q.25
Q 200 X
etliciency 0%
d., (PZT-552 12000 pON
d. (PZT-5A) Kium) pCN
d.. (PZT-H &0 pCON
d., (PZT-3) SO0 pC/N

Fig. 2. shows the first resonance frequency of standard-size
cymbal transducers with different cap materials as calculated
by FEA both in-air and in-water. The first resonance
frequency in-air is proportional to the sonic velocity of the
cap material, \/Elp(l-o"). where E is the cap Young's
modulus, p its density. and G its Poisson’s ratio. When the
resonance frequency is measured in-water, the linear trend in
the data is no longer observed. This is due to the difference in
the density of the caps. Cymbals which have caps with
densities closer to that of water, such as titanium, will
exhibit 2 much more marked change in its resonance
frequency in going from air to water than cymbals with caps
of higher density. ¢.g. tungsten.
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Fig. 2. First resonance frequency of standard-size cymbal transducers with
different endcaps measured in-air and in-water.

The transmitting voltage response in the neighborhood of
the first resonance frequency for same-size single element
brass-capped cymbal transducers utilizing different PZT types
is shown in Fig. 3. The transmitting response correlates with
the effective dy; coefficient of the device, as seen from TABLE
IL. Single element cymbals are characterized by 2 relatively
high Q,, (= 20) and consequently a narrow bandwidth.
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Fig. 3. Transmitting voltage response of 2 standard-size brass-capped
cymbal utilizing different PZT types.

The transmitting voltage response of nine-element arrays of
standard-size brass-capped cymbals, both potted and unpotted,
are compared in Fig. 4. The fundamental resonance frequency
is now strongly damped in both cases, resulting in wideband
behavior. This is in part due to the amray more closely
approaching the idealized *pc’ loading conditions as compared
to the single element.

@ Im)

Tomsmitting Voltage Response
(B re: 1pPa

0 0. 20 0 W0 50
frequency (kHz)
Fig. 4. Comparison of the transmitting voltage response of nine element

potted and unpotted arrays of standard-size brass-capped cymbals utilizing
PZT-552 driving clements.
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A representative beam pattern for the nine-element arrays at
50 kHz is shown in Fig. 5. At frequencies below 50 kHz. the
array exhibits near omnidirectionality. Above 50 kHz. the
side lobes become more pronounced and grating lobes appear.
Thus. 50 kHz is taken to be the upper use frequency for the
arrays.
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Fig. 5. Beam partern of the array of brass-capped cymbals at 50 kHz.

Fig. 6. shows the source level as measured for the unpotted
array when driven at 52 dBV both before and after failure. A
source level of greater than 190 dB is generated by the array
between about 18 kHz and at least 25 kHz. Although this is
still less than the desired 200 dB, it is important to keep in
mind that this is for an array of radiating area of only 14.5
cm®. Increasing the radiating area by incorporating more
single elements into the array will enhance the source level
by a factor of 20+logA, where A is equal to the increase (i.e.
multiplication factor) in radiating area.

c= Sh loft re htalv P AN

i

dremmanty  mMTH

Fig. 6. Source level of the unpotted cymbal array as measured both before
and after failure.

Fig. 7. shows the measured pressure dependence of the
effective d, and g, cocfticients of single-clemnent brass-capped

cymbal transducers with different cavity depths. The standard-
size cymbal can withstand up to 2.5 MPa without a
significant degradation in its properties.
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Fig. 7. Measured pressure dependence of the effective d, and g,
coefficients for standard-size brass-capped single element cymbal
transducers.

VI. CONCLUSIONS

The cymbal transducer appears t0 be a viable candidate
for medium- to high-power shallow water acoustic projector
applications. Its thin profile when incorporated into arrays
makes it ideal for attaching to a curved surface. In addition, its
simple design renders it easy and inexpensive to mass
produce.
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ABSTRACT

A new type of cymbal transducer, called the concave cymbali, 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 sandwiched between two concave
metal endcaps. It shows much improved pressure performance and can withstand a pressure of up
to 6 MPa while maintaining high effective hydrostatic piezoelectric coefficients. When incorporated

into a planar array with a radiating area of 5.5 cm X 5;5 cm and weight of only 30 g, a transmitting

voltage response of around 125 dB re 1pPa/V @ 1m was obtained over a frequency range between

20 and 50 kHz.




Introduction

Flextensional transducers were first developed in the 1920s and have been used as underwater
transducers since the 1950s[1]. They consist of a piezoelectric or magnetostrictive drive element and 2
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 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 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 transducer, called the “moonie,” was developed at
the Materials Research Laboratory at the Pennsylvania State University 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 instrument of the same name.

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 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.
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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 certain threshold, the metal caps
deform permanently and the cavity collapses, thus destroying the amplification effect [6]. A new type of
cymbal transducer, which is called the concave cymbal, or double-dipper cymbal, was 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 m&al caps. One advantage of this design is that it greatly improves the
pressure tolerance of the cymbal transducers. Another advantage is that the ceramic and the metal caps
vibrate in phase, eliminating any out-of-phase component of the radiating field. Schematic drawings of a

standard and a double-dipper cymbal transducer are shown in Figure 1.

Ekperimental Procedure

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 to;;. The cavity depth was 0.2 mm. The caps were then bonded to a piezoelectric cerainic ring (PKI
552, Piezokinetics Inc., Bellefonte, PA) having a thickness of 1 mm, outer diameter 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 15LV
hardener was used. The thickness of the epoxy bonding layer was approximately 20 um. The entire
assembly was kept under uniaxial stress in a spécial die for 24 hours at room temperature to allow the
epoxy time to cure.

Single element cymbal transducers were incorporated into a 9-elément square planar array. The
" nine cymbals were saridwiched 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-
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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 piace. The
elements are electrically in parallel because of the PC board. After assembly, the array had a dimension of
55 cm x 5.5 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‘mwsures 5.5 m in depth, 5.3 min 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 2
depth of 2.74 m and separated by 2 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 evaluation and further improvement of
our cymbal transducer designs. ATILA was developed at the Acoustics Deparment at Institut Superieur
d’Elecronique du Nord (ISEN) to model underwater transducers{7]. A static analysis was performed to
provide information concerning pre-stresses and the transducer’s response under hydrostatic pressure.
Modal analysis was carried out to determine the vibraton 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 computed as a function of frequency, together with the
Transmitting Voltage Response, Free Field Voltage Sensitivity and the directivity patterns. In this study,

ATILA was used to estimate the TVR and FFVS of several 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 d,, and capacitance of concave cymbal transducers are smaller than

those of standard cymbal transducers due to less piezoelectric 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 ceramic ring and high order
flextensional modes. Fig.2 also shows the admittance spectrum of a nine-element concave cymbal array.
Its resonance is damped and broadened due to element interactions and the fact that the individual
elements have slightty different frequencies.

Fig.3 shows the pressure dependence of the effective dy, of double-dipper and standard cymbals.
Effective dy, for bulk PZT as a function of pressure is also shown and compared. Both standard and
concave cymbals have effective dy, 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 concave cymbal, it has a slightly lower dj, than the standard cymbal but
it survives up to 6 MPa without significant degradation in its properties. The concave cymbal exhibits |

much improved pressure tolerance under hydrostatic loading. Under some certain higher pressures, the

concave cymbal may fail due to the meeting of the two brass end caps which causes a short circuit. But it
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can be avoided by applying a thin insulating layer between the brass caps and its pressure tolerance can be
further improved.

The TVR and FFVS of a single concave cymbal are shown in Figure 4. Like the standard cymbal,
the concave cymbal shows narrow band characteristics with a mechanical 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 between 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 transducers are illustrated in
Figure 5. The array shows broader band characteristics in both TVR and FFVS. It has a TVR of around
125 dB re 1uPa/V @ lm 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
elements. 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 d33 can be
used and the electromechanical coupling coefficient is expected to be higher.
Potential Applications

Concave cymbal transducers demonstrate a much improved pressure tolerance over standard
cymbals and can go much deeper underwater, extending the range of operation for cymbal transducers.

The simple fabrication process makes it easy to mass-produce these transducers which will greatly reduce
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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 array. 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 drastically reducing the vehicle’s weight and cost is
important. Hard, PZT4, instead of soft, PZTS, piezoelectric drive elements 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 frequency 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 hydrophones 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 hydrostatic
piezoelectric coefficients. The improved pressure performance allows the concave cymbal transducer
array to work both in shallow water and in deep submergence.

Conclusion

The concave, or double-dipper cymbal, is shown to have 2 much higher pressure tolerance than the
standard cymbal. 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 power and broad band
characteristics combined with a small radiating arca and light weight. The double-dipper cymbal is a

promising candidate as an underwater sound projector and receiver.

Acknowledgments

The authors would like to thank Dr. Kenji Uchino, Dr. J. F. Tressler, Sedat Alkoy, Rattikomn

Yimnirun and Jayne Giniewicz for their helpful discussions, and Greg Granville and Bob Dashem at



Applied Research Laboratory of Penn State for their assistance. This work is funded by the Office of

Naval Research.

References

(11X D. Rolt, “History of the ﬂextensipnal electroacoustic transducers,” J. Acoust. Soc. Am., vol. 87, pp.
1340-1349, 1990.

(2] E. F. Rynne, “Innovative Approaches for Generating High Power, Low Frequency Sound,” in
Transducers for Sonics and Ultrasonics, M. D. McCollum, B. F. Hamonic, and O. B. Wilson, Eds.,
Lancaster, PA: Technomic, 1993, pp. 38-49.

[3] W. Jack Hughes, Encyclopedia of Applied Physics, Vol.22, WILEY-VCH Verlag GmbH, 1998, pp67-
84

[4] Q. C. Xy, S. Yoshikawa, J. R. Belsick, and R. E. Newnham, «pjezoelectric composites with ngh
Sensitivity and High Capacitance for Use at High Pressures,” JEEE Trans. UFFC, vol 38, pp. 634-639,
1991

[5] Aydin Dogan, Kenji Uchino, and Robert E. Newnham, “Composite Piezoelectric Transducers with
Truncated Conical Endcaps ‘Cymbals’,” IEEE Trans. UFFC, vol. 44 ,No3, pp. 597-605, May 1997.
[611J. F. Tressler, A. Dogan, J. F. Fernandez, J. T. Fielding, K_ Uchino, and R. E. Newnham, “Capped
Ceramnic Hydrophones,” in 1995 IEEE Ultrasonics Proceedings, 1995, pp. 897-900.

M A.C Hiadky-Hennion and J. N. Decarpigny, “Finite element modeling of active periodic structures:
application to 1-3 piezocomposites,” J. Acoust. Soc. Am., vol. 94, pp. 621-635, 1993

(8] J. F. Tressler, PhD Thesis, Penn State University, 1997. |

[9] R. J. Urick, Principles of Underwater Sound, McGraw Hill Book Co., NY, 1967.




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

standard cymbal concave cymbal

flextensional frequency 24 kHz 23kHz
coupling coefficient 20% 15%
effective d, 12000 pC/N 4000 pC/N

capacitance 2.9nF 1.2 nF
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(a)

®)

Figure 1 Cross-sectional views of the (a) standard cymbal, and (b) double-dipper cymbal transducers
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Figure 2 Admittance spectrum of a single concave cymbal transducer and a nine-element array
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Theoretical analysis of the sensor effect of cantilever piezoelectric benders
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Piezoelectric bending mode elements such as bimorph and unimorph benders can be used as both
actuation and sensing eiements for a wide range of applicadons. As actuation elemeats, these
devices convert electric input energy into output mechanical energy. As sensing eiements, they
convert external mechanical stimuli into electrical charge or voltage. In this article. the sensing
effect of cantilever mounted piezoelectric bimorph unimorph and triple layer benders subjected to
external mechanical excitations are discussed. General analvtical expressions relating generated
electric voltage (or charge) t the applied mechanical input excitadons (moment M, tip force F, and
body force p) are derived based on the constitutive equations of these bending devices. It is found
that the clamping effect of each component in the bender devices decreases the dielecaic constant.
The bimorph bender has a higher voltage sensitivity than the unimorph or triple layer jender with
the same geometrical dimensions. The dependence of voltage and charge sensitivities on the
thickness ratio and the Young’s modulus ratio of the elastic layer and piezoelectric layer under
different conditions are discussed and compared for the unimorph and triple layer benders. © 1999

American Institute of Physics. [S0021-8979(99)05302-5]

I. INTRODUCTION

Many novel solid state devices based on piezoelectric
materiais have been developed in recent years for a wide
range of electromechanical applicaﬁons.l‘:’ These devices
can perform either actator or seasor functions by utilizing
the direct or converse piezoelectic effect. Two classical ex-
amples of piezoelectric devices are bimorph and unimorph
configurations. which have been widely used for acoustic
sensing, loudspeaker, relay, micropumps, micropositioners,
and many other applications. With simple structures, the uni-
morph and bimorph are capable of producing large strokes
under low electric voltage as actuation elements or providing
high mechanical force/load sensitvity as sensory devices.

As schematically shown in Figs. 1(a) and 1(b), 2 bi-
morph bender consists of two piezoelectric thin plates with
polarization normal to the interface. The application of elec-
tric field forces one plate to expand and the other to contract.
Since there is constraint at the interface of these two plates,
bending deformation occurs in the whole structure. Simi-
larly, bending can be produced in the unimorph where the
rransverse deformation of the piezoelectric plate is con-
stained by the nonpiezoelectric elastic plate [Fig. 1(c)].
Therefore, bimorphs and unimorphs can be used as actuation
elements. Two types of connections are commonly used in
bimorph design and fabrication: one is a series connection
and the other is a parallel connection. In the series connec-
tion, the two piezoelectric layers have opposite polarization
directions, and an electric field is applied across the total
thickness of the bimorph. While connected in parallel, the
two piezoelectric layers have the same polarization direc-

vaythor to whom correspondence should be addressed; electronic mail:
qmwang @lexmark.com

0021-8979/99/85(3)/1702/11/315.00

tons and the electric field is applied across each individual
plate with opposite polarity. In both cases, the applied elec-
wic fieid is parallel to the poiarization direction in one plate
bur antiparallel in the other piate so that the transverse strain
can be converted into bending deformation. The driving volt-
age for a bimorph actuator in the parallel connection can be
recuced to half the value for 2 bimorph in the series connec-
tion while remaining the sare electric strength and keeping
the same actuation capability. However, since the dielectric
capacitance in the parallel case is four times that in the series
case. power consumption, P=1/2C V? is the same in both
cases. With the same driving voliage. the actuation capability
of a parallel bimorph is twice thar of a series bimorph. For
acruartor applications, low driving voltage is usually desir-
abie. therefore a bimorph in parallel connection can be used.

On the other hand, the unimorph and bimorph benders
can be used as mechanical sensing elements since electric
charge or voltage can be generared on the electrodes of the
bimorph or unimorph devices when an external mechanical
moment, force or load is applied. As an example, if a force F
is acting perpendicularly on the tp of a cantilever mounted
series bimorph, bending deformation occurs, thus tensile
stresses are induced in the upper plate while compressive
stresses are induced in the lower plate in the direction of the
length of the beam. The distribution of these stresses is non-
uniform with a maximum value at the top surface (positive)
and the bottom surface (negative) and zero at the interface
(neurral plane) [Fig. 1(a)]. Consequently, negative charges
are produced at the top electrode while positive charges are
at the bortom electrode, since at the top surface,

Py=dy T, ' (1)

where Pj is polarization in the thickness direction in units of

1702 © 1999 American Institute of Physics
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C/m>, T, is suess in the length direction in units of N/m*,
and dj, is the transverse piezoelectic coefficient (C/N): at
the bottom surface,

Pi=dy(—T)). (2)

ds; is a negative value for piezoelectric ceramics such as
barium ttanate BaTiO; and lead zirconate titanate
Pb(Zr,Ti; - ;)O3 (PZT). Therefore. a voltage difference is
built up across the top and bottom electrodes. For a parallel
connected bimorph, electric charges with the same sign are
generated on the top and bottom electrodes. Electric voltage
is built up between the surface elecrodes and the interface
electrode of the bimorph. With the same external force. the
electric charges generated by a parallel bimorph is twice the
value generated by a series bimorph. However the generated
electric voltage in the paralle]l bimorph is half the value pro-
duced by a series bimorph, since the capacitance of the par-
allel bimorph is four times that of the series bimorph,

(3

For sensory applications, high generated voltage is fre-
quently desired, therefore the bimorph in series connection is
preferred.

However, since bimorphs are composed of two thin pi-
ezoelectric ceramic plates, and ceramic is fragile in general,
reliability is of concern in practical applications. Triple layer
benders, which consist of two piezoelectric layers and a
sandwiched central elastic layer [Fig. 1(d)], can be used to
improve the mechanical reliability. However, in any case, the
interfaces in the bimotph. unimorph or triple layer benders
are mechanically weak locations. Delamination may occur
after being driven for a period of time under periodic exci-
tations due to the relaxation. debonding of the epoxy bond-
ing materials. '

) W
(b) Bimorph in parallel conneenon I

(d) Unimorph

bender, (d) unimorpn bender, and (e) the RAINBOW
device.

Recently, a new piezoelecTic bending mode device. the
so-called reduced and intersally biased oxide wafer
(RAINBOW) was developed by Haertling at Clemson
University.* This device consists of a piezoelectric active
layer and a chemically reduced nonpiezoelectric layer
formed by a special high temperature processing. Basically
the RAINBOW device is a modified unimorph bender. When
the piezoelectric layer is driven under electric field, bending
deflection will be generated due to the constraint of the
chemically reduced piezoelectric inactive layer. On the other
hand. when an external force or load is applied to the RAIN-
BOWs. electric charges (or voltage) will be generated in the
piezoeiectric layer due to direct piezoelectric effect. One of

- the advantages of the RAINBOW device over other bending

mode piezoelectric devices is that RAINBOW has a mono-
lithic structure. Moreover, compared with bimorph and uni-
morph devices, large thermal stresses exist in RAINBOW
devices. These internal swesses are formed when the
RAINBOW is cooled down to room temperature after the
high temperature treatment. since the chemically reduced
layer and the remaining piezoelectric layer have different
thermal expansion coefficients. These residual thermal
stresses are believed to be beneficial to the electromechanical
performance of RAINBOW devices.

Although bimorph, unimorph and triple layer benders
have been widely used in many applications and there is a
significant amount of literamre available detailing their op-
erational principles and applicadons, it is found, however,
there is a lack of analysis of the sensing performance of these
devices; for example, no systematic comparison has been
made on these devices. Most previous research has focused
on actuator applications. In this article, the sensing effects of
the above mentioned devices subjected to external mechani-
cal excitations are discussed based on their constitutive equa-
tions. Comparison is made between these devices by taking
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into account their geometrical dimensions and the elastic and
electromechanical properties of their components.

Il. SENSOR PERFORMANCE ANALYSIS OF A
CANTILEVER BIMORPH

The constitutive relations for the cantilever mounted bi-
morph have been derived by Smits et al. and they describe
the behavior of the bimorph under static conditions. For a
series connected bimorph bender subjected to the following
excitations: an electric voltage V across its thickness, a uni-
formly distributed external body load p, an external tip force
F perpendicular to the beam, and an external moment M at
the free end, the generated electrical charge then can be ex-
pressed by the following equation:

3dyl  3dyl? _ dywlL’
Q=—= tr Frn

eXLw(1-k}/4)

- v, A )

where L. w. and ¢ are the bimorph length, width and thick-
ness, respectvely; e2; is the dielectric constant of the piezo-
electric material under a free condition; 43, is the ransverse
piezoelecTic coefficient; k:l is the transverse piezoelectric
coupling coefficient, and k§,=d§1/sfle§3. The total capaci-
tance of the bimorph bender can be obtained by

_ 50 -
= )
ie.,
X 2
eGLw(1-k}/8)
= 33 31 . (6)

t

Therefore, the dielectric constant of the bimorph bender as a
whole is

ep=en(1—k3/4), N

which is smaller than the free dielectric constant of piezo-
electric material since in a bimorph bender two pieces of
piezoelectric material are mechanically bonded together. The
clamping effect exists in the bimorph actuator because of the
constraint of the two piezoelectric layers at the interface.
This clamping effect reduces the dielectric constant of the
bimorph bender.

When only an external moment is applied on the free
end of the bimorph, the generated electric charge becomes

3dyl
o=—7"M. (8)

The open circuit electric voltage generated between the top
and bottom electrodes of the bimorph can be calculated as

o 3dy,

=F==T  a_Ian

&)

When only an external tip force is acting on the tip of the
bimorph bender, the generated electric charge in the bimorph
becomes

Wang et al.

Therefore. the open circuit elecric voltage generated in the
bimorph bender by the applied external tip force is

y 3dyL
T 2ghwi(1—k3/4)

F. (11)

Therefore. the bimorph bender can be used as a force sensor.
If the dielectric constant e§3, piezoelectric constant d3; and
coupling coefficient k%l of the piezoelectric material and the
dimensions of the bimorph are known, by measuring the
electric voltage generated across the bimorph bender, the act-
ing external tip force can be caiculated by Eq. (11). Obvi-
ously, from Eg. (11), to increase the sensitivity (V/F), a bi-
morph with a large L/ ratio is preferred.

'p;e external tip force can be related to the tip deflection
5 byh

o 3Esl0 -
=75 (12)

where E,] is the flexural rigidity of the bimorph bender. It
should be noted that here £, is the Young’s modulus of the
piezoelectic material under the open circuit condition (£,
=1/s2). and I is the moment of inertia of the bimorph
bender. For beam structure, the moment of inertia is’

wed
=T (13)
Substtutng Egs. (12) and (13) into Eq. (11), we have
L 4
- m‘ 833311 1 —k‘jl/‘t ) ( )

Therefore. the bimorph bender can also be used as a dis-
placement sensor. _

Similarly, when only an external load p is applied to the
bimorph bender, the generated electric charge in the bimorph
is

d31WL3
==z P (15)
and the open circuit electric voltage generated in the bimorph
bender in this case becomes

v dyL?
=X TP

21—k ? (16)
Therefore, a bimorph bender can be used for acoustic sensor
applications. A bimorph with a large L% ratio, high ks,
and a large ds; /&X; ratio has a high sensitivity to the external
load p.

By combining Egs. (9), (11) and (16), the voltage gen-

erated in the bimorph bender under various external me-
chanical excitations can be expressed as
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TABLE 1. Comparison of piezoelectric materials properties for bending
mode sensor applications.

Figure of merit
Materials KXY dy (X107 N ky S(X 107%H
BaTiO, 1900 -79 0.21 -4.746
Soft PZT 3203HD 3800 -320 0.44 -10
Soft PZT A 1700 -171 034  —1L74
Undoped PZT 730 -93 0.31 -14.75
Hard PZT < 1300 -122 0.33 -10.90
Hard PZT 8 1000 -97 030  -1121
1Y, = £,K% and e,=8.85x10"? F/im.
v 3dy _ 3dylL
eXwi(1-kyld)  2ehwi(l—k3/4)
dyL?
“ Yl (17)

Obviously, to have high sensitivites (which can be de-
fined as V/M. V/F, or V/p) for the bimorph bender to external
mechanical excitations, piezoelectric materials with a high
piezoelecic coefficient d;, high electromechanical cou-
pling coefficient k3, and low dielectric constant e%; should
be used for fabricating bimorph dispiacement, force or pres-
sure sensors. A figure of merit.

dy

3= en (1 —k3,/4) (18)
can be defined for materials selecdon for bimorph mechani-
cal sensor design and fabrication. The properties and the fig-
ure of merit of several commercially available piezoelectric
materials are listed and compared in Table 1. For ferroelectric
ceramics such as PZTs. an increase of piezoelectric proper-
ties is accompanied by a dielectric constant increase, and
improvement of the elecromechanical coefficient k3, then
becomes more critical in increasing the figure of merit.

1Il. SENSOR PERFORMANCE ANALYSIS OF
CANTILEVER TRIPLE LAYER BENDERS

The constitutive equations for a symmetrical triple layer
bender have been derived by Wang and Cross® recently. For
a series connected symmetrical triple layer bender, when itis
subjected to the above mentioned excitations, the electric
charge generated can be expressed as

m 2
_ 6s'{'1d31(t,,,+tp)LM+ 3sTidn(tm+2p)L F

D D
S'lnldﬂ(tm"'tp)[‘}w Lw X
- D P~ 2_1_833

_ D-esr‘:,(:mﬂ,):k,
D 31

where D=2sT(3128,+6t,00+ 40 +sTity. The towl
thickness of the triple layer bender is t=2¢,+1, . As a spe-
cial case. if t,,=0, Eq. (19) becomes Eq. (4).

The capacitance of the triple layer bender is dependent
on the thickness of the piezoelectric and elastic layers,

v, (19)

X
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Lw D—65T1,(tm+1,)°
C = ol =—5§3 1- — £ kil . (20)
=21, D

For analyzing the dielectric property of the triple layer
bender. we define

Sfl Em im
A--’Tl_i;' B"ir—,’ (21)

where E,, and E, are the Young's modulus of the elastic

(metal) layer and the piezoelectric ceramic layer, i.e., A is the

Young’s modulus ratio of these wo layers and B is the thick-

ness ratio of the elastic layer and the piezoelectric layer. The

capacitance and dielectric constant of the triple layer bender

can be written as

2 |

3y
(22)

e bwaf (3 (2B+1)?
wiple™ 3p &3 4 AB +3BT+3B+1

_otfi-[;-2 (2B+1)? )
€iple™ £33 vy g e R
To visualize the variation of the dielectric constant of the
wiple layer bender with the properties of its components, we
define a nondimensional parameter, '
U (2B+1)* 2
= TABP+IF3B+1) @4)

In Fig. 2(a), £ is plotted as a function of thickness ratio B for
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a series of =iple layer benders made from soft PZT and dif-
ferent elasdc layers: silicon, brass, aluminum and acrylic.
The Young's modulus ratios of these materials to a soft PZT
ceramic are listed in Table I k3,=0.42 of soft PZT 3203HD
(Motorola. Albuquerque, NM) is used in the calculation. £ is
actually the normalized dielectric constant of the triple layer
bender compared with the free dieleczic constant of the pi-
ezoelectric component. The dielectwic constant of the triple
layer bender is always lower than that of the piezoelectric
material in the free condition due to the partial clamping
effect of each component. A maximum dielectric constant is
observed at a certain thickness ratio for the triple layer
bender. The thickness ratio for maximum dielectric constant
can be found by

@€ 5 (25)
dB

If 1 <A <=, the thickness ratio for maximum dielectric con-
stant is given by

_ . n 2\ ,
Bm—cosggarccos ‘-4--1 -—;_. (26)

L =

and if A 1.

1_-.\/2 \/2

B—E ’T—lf (Z—l) -1
1{/2 1 \/'2 I 1 -
zVZ (A . 7 @7

The use of a stiffer elastic layer leads to a lower dielectric
conswant for the triple layer bender. For comparison pur-
poses, the normalized dielectmic constant { of a unimorph
bender, which will be discussed in Sec. IV, is shown in Fig.
2(b). It is found that at the same thickness ratio B, the triple
layer bender has a lower dielectric constant than the uni-
morph bender.
Subsdrutng Eq. (21) into Eg. (19), we have

_3dyl  (2B+1)
T 4, ABP+3B'+3B+1
3dyL? (2B+1)
" 8t, AB°+3B*+3B-1
_dul’w  (2B+1) LLv
" T8l AB+3BTEIB-10 21,
’ 3 (2B=1) )
x 1= l_ZA193+3191+319+1)"3‘ v. (28

If only an external moment M is applied on the free end
of the triple layer bender, the generated electric charge is

3dsy,L (2B+1) y s
Q= 4r AB +3B%+3B+1"" )

and the electric voltage in the open circuit condition .is

Wang et al.

_ 6dy
8'_,:,_wtp
X ; (26-1) ; M
{1 -k5)(AB 3B +3B 1)+ 3k5(2B+ 1)

(30)

Similarly, if only an external tp force F is applied per-
pendicularly at the triple layer bender, the electric charge
generated and open circuit voltage are

_ 3dyL? (2B+1) (1)
0= R AP
and
Q
=c
_ 3diL
—e‘_;‘-_;wtp
g (2B-1)
4(1—k35)(AB +3B*+3B—1)+3k;5,(2B+1)*
(32)

As in the case of the bimorph, the open circuit electric
voltage of the triple layer bender generated can be related to

-the dp displacement. The flexural rigidity of a triple layer

bender can be obtained by the ransformed cross section
method of the composite beam.’ 3

2wt

E X
EP1c=—3”——p(AB3+3B'-33+1). (33)

Substitution of Egs. (12) and (33) into Eq. (32) leads to
_ 6dyt}
~ehsniL?
y (2B+1)(AB3+3B%+3B+1) 5
4(1—k3) (AB*+3B*+3B+1)+3k5(2B+1)* "
(34)

Therefore, the voltage generated in the cantilever mounted
triple layer bender is proportional to the tip displacement; by
measuring the open circuit voltage, the displacement can be
obtained.

If only uniform distributed external load p is applied, the
electric charge and voltage generated in the triple layer
bender become

_dyLliw (2B+1)
0“5 AP +3E+3B-17

(35)
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_dyl®
e,
y (2B-1)
-k )(AB-3B*=3B-1)~3k,(2B+ 1)27"

(36}

Therefore. to achieve high sensitivity, materials with high
d3;/e%; and high k5, should be used to fabricate triple layer
benders. i.e.. the previously defined figure of merit S should
be used for materials selection. To further clarify the sensing
effect of the triple layer bender to external moment, force or
load, the dependence of the generated electric charge and
voltage on the geometrical dimension and elastic properties
of each component will be discussed for the following three
cases.

(1) We can compare the generated electric charge and
electric voltage of a triple layer bender with a bimorph
with the same geometrical dimensions. Since 2f,+t,=t
and t,/2t,=B, we have 1,=12(B-1). Substituting ¢,
=/2(B—1) into Egs. (31) and (32). and comparing with
Egs. (10) and (11), we define the following normalized
charge and voltage parameters:

N {2B=1)(B+1)?
Q::';plc_AB:_,3BZ_,_3B+1 '

4(2B+1)(B=1)(1~k3,/4)

(3%)

where g and vy, are the normalized electrical charge
and voltage generated on the triple laver bender when exter-
nal mechanical excitations are applied as compared with the
bimorph bender. In Figs. 3(a) and 3(b), gyipie and v yiple are
plotted against the variation of the thickness ratio B for a
series of wiple layer benders. It is found that if a stiff elastic
layer (such as silicon) is used, the electrical charge generated
increases with the thickness rado B inidally, reaches a maxi-
mum value and then decreases with the B value. However, if
a less suff elastic layer (such as aluminum) is used, the
charge generated monotonically increases with the B value.
When B becomes very large, the normalized charge param-
eter approaches a limiting value of 2/4. The electrical volt-
age generated always decreases with the B values. Therefore,
the voltage sensidvity of a triple layer bender is always
lower than that of a bimorph bender if the dimensions are the
same.

(2) If the piezoelectric layer thickness ¢, is a constant
whereas the center elastic layer is variable, from Egs. (31)
and (32) we can define two nondimensional charge and volt-
age parameters

. (2B+1)
Ioiple ™ 3BT -3B7+3B+1"

(39)

(2B+1)

Vanple ™ ST — k%) (AB>+3B°+3B= ) +3k3,(2B+ 1)%
(40)
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for different tripie layer benders; (b) sormaiized electrical voltage as a func-
tion of the thickness ratio for differsar =ipie layer benders. (Here the total
thickness of the tiple layer bender is ixed.)

The variations of gy, and v, with the thickness ratio B
for different A values are ploted in Figs. 4(a) and 4(b). Both
q.'_,,pie and v,'n-p,e decrease as the thickness ratio B increases.

(3) In some cases, the ceater elastic layer (substrate)
thickness t,, is fixed, while the piezoelectric layer thickness
is variable. The dependence of the generative charge and
voltage of the triple layer beader on the thickness ratio and
the Young’s modulus ratio can be obtained by substituting
t,=1,/2B into Egs. (31) and (32),

3d;L?  4B%(2B+1)
= T8Z AB+3B+3B-1" (41)
€33Wly
8 Z 2B(2B-1) £
4(1—k3,)(AB*+3B-+3B+1)+3k3(2B+1)*" "
’ (42)

Similarly, we can define the following two nondimensional
parameters:

. 4B*(2B+1)
Quile = ABT+3B°+3B-1" (43)
and
. 2B(2B-1)
Vwiele ™ 4 (1—k2,)(AB +3B =3B+ 1)+ 3k, (2B+1)%" )
(44
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Grine and v 2, are plotted as functions of the thickness ratio
for a series of triple layer benders. as is shown in Figs. 5(a)
and 5(b). It is found that the charge parameter gy, increases
with B very fast initially and then gradually becomes saru-
rated when B becomes very large. In addition, a maximum
voltage sensitivity can be obtained by adjusting the piezo-
electric layer thickness. This is clear if we consider two lim-
iting cases. (i) When the B value approaches zero, i.e., very
thick piezoelectric layers are used in the triple layer bender,
it becomes difficult to bend the device, and the deformation
of piezoelectric layer will be very small. Therefore, the elec-
tric voltage generated will approach zero. (ii) When the B
value becomes infinitely large. which means the piezoelec-
tric layer thickness is infinitely thin, the capacitance of the
piezoelectric layers will be infinitely large. Since the charges
generated on the piezoelectric layers approach a certain value
(8/A) when B—o= [Eq. (43)], the voltage generated will then
approach zero. Therefore, a maximum generated voltage can
be observed between the two limidng cases. By a compari-
son of the different triple layer benders, it is observed that
use of a less stiff elastic layer always leads to a higher charge
or voltage sensitivity, since more bending deformation oc-
curs in the piezoelectric layers for a given mechanical exci-
tation.

IV. SENSOR PERFORMANCE ANALYSIS OF
CANTILEVER UNIMORPH BENDERS

The actuation performance of a unimorph bender has
been analyzed by Steel er al.!! Later. the constitutive equa-
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tripie layer bender is fixed.)

tions for a cantilever mounted unimorph have been derived
by Smits and Choi,'? and they describe the behavior of the
unimorph under static condidons. If an external moment M,
an external force F, a uniformiv distributed load p, and an
electric voltage V are applied to the unimorph, then the gen-
erated electrical charge can be expressed by the following
equaton:

- 6d3ls,l"ls{ltM(tm+ tp)L
X .

 3dysTisytm(tn+1)L7
‘ K

" dSIS’lnIsll,ltm( tm+ zp)LJW
' K

2 m.J3. .p,3
i s§3_.d3ltm(sll;9'slltm) v 43)

I

where
K=(sT)(2p)* +4sT5011m(1,) + 65757, (£,1)2(2,)
+4sTishit,(t)> +(s5) (1), (46)

571 and 5%, are elastic compliances of the elastic layer and the
piezoelectric layer; t,, and t, are the thickness of the elastic
layer and the piezoelectric layer: and L and w are the length
and width of the unimorph bender. The bonding layer thick-
ness is usually very thin and its effect is ignored.
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TABLE II. Materials properties used in the calculations.

dy Young's modulus A
Materials (m/V) (N/m?) (=E.IE,)
Soft PZT ceramic 320X 107" 6.2x 10
Silicon 19x 1010 3.05
Brass 11x10'° 1.77
Aluminum 6.5x 10° 1.05
Acrylic 0.31x 10" 0.05

Similarly. for analyzing the effect of the elastic layer on
the sensing performance of the unimorph bender, we define

A—S{!—E"‘ B== 47
_STI—EP' —tpv ( )

and Eq. (¢5) can be rewritten as

_ 6duL AB(B+1)
T 1+ 4AB+6AB - ~44B +A%B}

AB(B-1)
t- 1+4A3-:—6AB-~4AB°+AZB4F

AB(B-1)
T T=4AB-6AB--2AB +ABF

. AB(1+AB°) )v (@)

~ R TTZAB+6AB A ~AB"
The capacitance of the unimorph bender is
AB(1+AB%) )

K\ TT¥aAB~-6AB ~4AB +AB"
(49)

Therefore. the dielectric constant of piezoelectric layer in the
unimorph bender becomes

LW€§3{ 1 ]
, \

= E(l—kz AB(LLAD)
Eu=€3\ ' TN 4AB+6AB T 4AB°+AB*

) , (50)

which is a function of the thickness ratio B and the Young'’s
modulus ratio A of the elastic layer and the piezoelectric
layers. Obviously, the dielectric constant of a unimorph
bender is lower than the free dielectric constant of the piezo-
electric materials because of the constraint of the elastic
layer on the vibration of the piezoelectric layer.

To visualize the effect of the elastc layer on the dielec-
tric constant of the unimorph bender, we can define

g AB(1+AB%)
¢= 31T +4AB+6AB +4AB°+A°B*’

(51

and plot ¢ against the thickness ratio B for a series of uni-
morphs made up of silicon, brass, aluminum, and acrylic
layers with a soft PZT ceramic layer, as shown in Fig. 2(b).
The calculated result for the cantilever RAINBOW bender is
" also included using the Young's modulus ratio of 0.85.1
Obviously. the unimorph bender has a lower dielectric con-
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stant than its free ceramic counterpart. The use of a stiffer
elastic layer leads to larger decreases in the dielectric con-
stant because the stiffer elastic layer can more effectively
clamp the piezoelectric ceramic layer.

The clamping effect of the siastic layer on the dielectric
property of piezoelectric materials in either a unimorph
(monomorph) or a triple layer beader configuration is impor-
tant in device design and performance evaluation. In recent
vears. PZT thin/thick films have been studied for microac-
tuator and microsensor al:aplicaxions.l"’19 The above results
are useful in considering the dielectric propertes of thin/
thick film PZT materials. Thin film PZTs usually have a
lower dielectric constant than bulk ceramics with the same
compositon, which is often anributed to the grain size
effect.® The size effect significanty affects the dielectric
property of the PZT film. However, the clamping effect of
the substrate on the picezoeleczic film should also be taken
into account. Thin/thick film PZTs are usually deposited on
platinized silicon substrates. After deposition, the substrate is
etrched (by dry or wet etching techniquesn'n) 10 a certain
thickness. If the thickness rato of the silicon layer and the
PZT flm is about 1:1 in 2 candlever unimorph bender, 2 5%
reduction in dielectric constant can be expected. If the thick-
pess is 5:1. the dielectric constant of the PZT layer will be
decreased to about 80% of its ree value due to the clamping
effect of the silicon substrate. as shown in Fig. 2(b).

When only an external momeat M is applied on the uni-
morph bender, the electric charge generated is

-Gd'_le AB‘B“l)

P [TaABT6AB - AP T AE (52)

and the electric voltage under the open circuit condition is

g AB(B+1)
1=4AB+6AB +4AB ~A’B*~k;AB(1+AB’

M.
)

(53)

Similarly, when only an external tip force is acting on
the tip of the unimorph bender. the electric charge generated
on the unimorph becomes

: 3dy,L? AB(B+1)
oo 1+4AB+6A31+4AB3+A234F’

(54)

and the open circuit electric voltage produced due to the
applied external tip force is

_ 3d3]L
- 51SWIF
y AB(B+1)
1—4A8+6A33+4A35+A38‘—k§1AB(1+A33)F‘
(55)
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The generated open circuit electric voltage of a uni-
morph bender can also be related to the tip displacement by
Egs. (i2) and (55). The flexurai rigidity of a unimorph
bender is given by'?

y E,wi)[1+4AB=-6AB*+4AB°+A%B’
P12 AB-1 '

(36)

Substdrudon of Egs. (12) and (56) into Eq. (55) leads to

B 3dyt; AB(B+1) R 5 57
T 1e%sDL? R—kyAB(1-AB) AB+1 7

where R=1+4AB+6AB*+4AB>+A%B*. By measuring
the electic voltage generated on the unimorph bender, the
tp displacement can be obtained from the above equation.

When only an external load p is applied, the electric
charge generated and the open circuit electric voltage in the
unimorph are

_dul’w AB(B+1) sg
2= 5 [+3AB<6AB—2AB ~AB " (58)
d:L°
T el
g AB(B-1)
T—SAB-6AB +dAB -AB -k AB(1+AB)
- (59)

Therefore. to achieve high sensitivity, materials with high
dsy/ s‘;‘:. and high k5, should be used to fabricate unimorph
benders. Following a similar procedure in discussing the
wiple layer bender to further clarify the sensing effect of
unimorph benders to external excitations, the relationships
between the electric signals generated and the physical prop-
erties of the unimorph bender are discussed in the following
three cases.

‘(1) We can compare the electric charge generated and
thé electic voltage of unimorphs with 2 bimorph bender with
the same geometrical dimensions. If the total thickness of the
unimorph bender is #, ie.. tn+1,=t Since t,/t,=B, then
tp=t/(B =1). Substiruting z,=1/(B+ 1) into Egs. (54) and
(55), we can define

3 24AB(B+1)}
Qui= T T4 AB+6AB +4AB° ~A'B"’

(60)

24B(B+1)*(1-k3,/4)
Vi = T 2AB+6AB +4AB +A B —kLAB(1+AB%)’
(61)

where g, and v,y are the ratos of the electric charge and
voltage generated by the unimorph and bimorph benders. In
Figs. 6(a) and 6(b), gy and v ; are plotted against the thick-
ness ratio B for a series of unimorph benders, including the
cantlever RAINBOW device. It is found that if a stff elastc
layer (such as silicon) is used. the g,y value increases with
the thickness ratio B initially, reaches a maximum value and
then decreases with the B value. However, if a less suff
elastic layer (such as aluminum) is used, the Gun value
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FIG. 5. (a) Nondimensional charge sarameter g, plotted against the thick-
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rameter v, plotted against the thickzess ratio for different unimorph bend-
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monotonically increases with the B value. When B becomes
very large, the g, value approaches a limiting value of 2/A.

From Fig. 6(b), a maximum charge parameter v,,; can be
obtained for a unimorph bender at 2 suitable thickness ratio.
This result is clear if we consider two limiting cases. (i)
When the B—0, the strucrure becomes a single cantilever
piezoelectric beam. If externai mechanical excitations are ap-
plied. one half of the bender is subjected to tensile stress and
the other half is subjected to compressive stress. Since the
polarization of the piezoelectic plate is in the thickness di-

rection from the bottom surface pointing toward the top sur-

face. the same electric charge will be produced on the top
surface and on the bottom surface. Therefore, the electric
charge generated and the voltage become zero. (ii) When B
— =, the thickness of the piezoelectric layer is very small,
hence its capacitance becomes very large. Since the electric
charge generated approaches 2/4, the electric voltage gener-
ated (V=Q/C) approaches zero. Therefore, a maximum
voltage sensitivity can be expected between these two limit-
ing cases. The thickness rado B for the maximum voltage
sensitivity decreases as the Young’s modulus ratio increases.

It has been demonstrated that for a cantilever mounted
unimorph actuator, the maximum generative tip deflection
and blocking force are half the value of that for a bimorph
actuator if they have the same geometrical dimensions and
are driven under the same magnitude of electric field.!® The
thickness rato for the maximum generative tip deflection
and blocking force is related to the Young’s modulus ratio
by a simple equation,
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1
Bop= \/; (62)

Here it is interesting to find that as a sensory element the
maximum voltage sensitivity of the unimorph is close to but
less than half the value of the bimorph bender. The thickness
ratio B for maximum voltage sensitivity is very close to but
higher than ' 1/A. The difference is very small and is negli-
gible.

(2) If the piezoelectric layer thickness is fixed, while the
elastic layer thickness is variable, in order to visualize the
variation of the electric charge generated and the voltage
with the thickness ratio B and the Young’s modulus ratio A
in the unimorph benders, we may define

, AB(B+1) )
Y= T 4AB+~6AB +4AB +AB"
, AB(B+1)
Vol T 4AB - 6AB +4AB +AB —kyAB(1+ABY) |
(64)

In Fig. 7, q.y and vy are ploted against the B values
for a series of unimorph benders. Similarly, by choosing a
suitable thickness ratio, 2 maximum sensitivity can be ob-
tained. This result becomes clear by considering two extreme
cases: (i) when B—0, the electric charge generated and the
voltage will approach to zero, as discussed above for a single
piezoelectric plate; (ii) when B—0. i.c.. a very thick elastic
layer is used, it becomes difficult to bend the unimorph
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bender, and the deformation of the piezoelectric layer is
therefore very small. The electric charge generated and the
voltage will again approach zero. Therefore, a maximum
generated voltage can be observed between the limiting
cases. Also, it is seen that for a given piezoelectric layer
thickness. ¢,, the use of a stiffer elastic layer (such as sili-
con) can increase the maximum sensitvity (V/M, V/F, or
V/p), and the thickness ratio B for the maximum sensitivity
shifts to a lower value as A increases. The B values for maxi-
mum sensitivity are 0.29, 0.375, 0.5, 1.75, respectively, if
silicon, brass, aluminum and acrylic are used as the elastic
layers.

(3) In some cases such as in piezoelectric materials
based on microelectromechanical system (MEMS) device
fabrication, the elastic layer (substrate) thickness is fixed,
while the piezoelectric layer is deposited (or bonded) to the
substrate. The thickness of piezoelectric layer can vary. In
these cases, substituting ¢,=¢,/B into Egs. (21) and (22),
we may define

. AB}(B+1)
Qi = 4AB+6AB +4AB ~AB"" (65)
. ABY(B+1)
Vun T | 4AB+6ABI+4AB + A B~k AB(1+ABY)
(66)

G and v are plotted in Figs. 8(a) and 8(b) as functions of
the thickness ratio for a series of unimorphs. The electric
charge increases with the B values. and a maximum electric
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voltage is found at a suitable thickness ratio. The use of a
less surf elastic layer leads to high sensitivity. The B values
for maximum voltage sensitivity are 1.32, 1.68, and 2.1. re-
spectvely. if silicon, brass, and aluminum are used as the
elastic lavers.

V. SUMMARY

The sensing effects of three piezoelectric candlever
benders subjected to various external mechanical excitadons
have been analyzed in this article based on their constitudve
equatons. The following conclusions are obtained.

(1) Bimorph, unimorph, and triple layer benders have lower
dieiectric constants than the piezoelectric material itself
due to the clamping effect of each component in these
devices. For unimorph and wiple layer benders, their di-
electric constants also vary with the thickness ratio of the
elastc and the piezoelecrric layers. A maximum dielec-
ic constant can be observed at certain thickness ratios
for the triple layer bender, while for the unimorph
bender. dielectric constant decraases with the thickness
ratio monotonically. The use of a stiffer elastic laver
leads to lower dielectric constant in both unimorph and
mipie layer benders.

(2) A Zgure of merit is defined for the selection of piezo-
elecTic materials for bending mode sensor design: mate-
riais with high d31/s§3 and high k3, are preferred for
sexsor design and fabricaton.

) Theoredcal calculations demonstrate that the bimorph
bezder has the highest voltage sensitivity compared with
unimorph and triple layer beaders with the same geo-
mermical dimensions. For the miple layer bender, voltage
seasidvity decreases as the thickness ratio increases. For
the unimorph bender, a maximum voltage sensitivity,
close to half the value of a bimorph can be obtained ar a
thickness ratio of about y1/A [Figs. 3(b) and 6(b)].

(4) With the piezoelectric layer thickness fixed, the voltage
seasitivity of the triple layer bender decreases with the
thickness ratio, while a maximum voltage sensitivity can
be obtained at a certain thickness ratio [Figs. 4(b) and
7(b)].

[93)

(
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(3) With the substrate thickness fixed, maximum voltage
sensitivities can be achieved by choosing a suitable
thickness ratio for both the triple laver and unimorph
benders [Figs. 5(b) and 8(5)].

(6) The variation of charge sensitivities with the thickness
ratio and the Young’s modulus ratio of the elastic layer
and the piezoelectric layer for both unimorph and wiple
layer benders at differeat conditions (constant ¢, constant
! and constant ,) have also been compared and dis-
cussed.
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Abstract

A unique design of metal—ceramic actuators exhibits very high displacement and large generative forces. This new metal-ceramic composite

actuator design. the ‘cymbal’, consists of a piezoelectric disk sandwiched berween two truncated conical metal endcaps. The radial motion of
the piezoelectric ceramic is converted into flextensional and rotational motions in the metal endcap. Based on previous studies of ceramic-
metal composites, a simplified model has been developed to evaluate the properties of cymbals and to aid in materials selection. The influence
of the stiffness of the metal, the piezoelectric coefficients of the ceramics and the characteristics of the epoxy bond on actuator performance
have been evaluated. It is found that the higher the transverse piezoelectric coefficient, the higher the displacement of the actuator. The stiffness
of the meral reduces the displacement but allows the composite to support higher loads. There is a thermally induced displacement of the
piezocomposite with the temperature that is related to the thermal expansion mismatch between the metal endcaps and the ceramic. By
selecting appropriate materials, it is possible to avoid this thermally induced disptacement. Very low or negligible temperature dependence
of the displacement is attained by using PZT ceramics with temperature-independent properties together with metal caps having higher
Young's modulus and lower thermai expansion coefficients than the ceramics. © 1998 Elsevier Science S.A.

Kevwords: Ceramic-metal actuators: Piezocomposites

1. Introduction

In recent years, piezoelectric and electrostrictive ceramics
have been used in actator applications such as displacement
transducers, pressure sensors, shape controllers and precision
micropositioners. When an electrical field is applied parallel
to the polarization direction in a piezoelectric ceramic, an
expansion takes place in the longitudinal direction accom-
panied by a contraction shrinkage in the transverse direction.
There are two transducer designs which use these effects to
enhance the displacement: multilayer ceramic actuators and
bimorph actuators. The advantages of multilayer actuators
are their large generative force and fastresponse, butthe small
displacements and high capacitance of multilayer actuators
make them impractical for some applications. On the other
hand. bimorph actuators show large displacements but only
small generative forces. There is a need for reliable actuators
with intermediate-level displacements and generative forces.

= Corresponding author. Electroceramic Department, Instituto de Cerd-
mica y Vidrio. CSIC. 28500 Arganda del Rey, Madrid. Spain. Tel.: +34 1
%71 18 00. Fax: + 34 1 870 05 50. E-mail: jfernandez@icv.csic.es

0924-3217/98/$19.00 & 1998 Elsevier Science S.A. Al rights reserved
PI1S0923-.4247(97)01668-3

A new type of metal—ceramic composite actuator, which
is based on the concept of a flextensional transducer, has been
reported {1.2]. In this composite the PZT ceramic is sand-
wiched between two metallic endcaps with shallow cavities,
giving a 2(0)-2-2(0) connectivity [3]. Since the shallow
cavities have a moon shape, these composites have been
called ‘moonies’. The radial motion of the piezoelectric
ceramic is converted into a flextensional motion in the metal
endcaps, giving a large displacement at the center of the cap
in the direction perpendicular to the ceramic disk.

Due to the large difference in the thermal expansion coef-
ficient between the metal (typically brass, 20X 107%°C~")
and the ceramic (lead zirconate titanate, PZT, 6X107°
°C-1) substantial thermally generated stress is produced in
the composite during the cooling process when silver paste
bonding is used. If no stress relaxation occurs below the glass
softening temperature, typically 400°C, thermally induced
compressive stresses are generated in the PZT, while tensile
stresses are generated in the endcaps [4.5]. These prestresses
help to maintain the PZT polarization during exposure to high
hydrostatic pressure, which is required for hydrophone appli-
cations. However, this tensile stress concentration can easily
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(a) . Axial
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Ceramic ®o
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direction

Bonding layer
f Metal Endcap

4=t

Fig. 1. (a)Geometry of the ceramic-metal composite actuator ‘cymbal’. The solid arrows describe the displacement directions when the cymbal is driven by
a field parallel to the poling direction of the ceramic. (b) Dimensions: endcap diameter d, = 12.7 mm: PZT diameter d,= [2.7 mm; cavity diameter d.=8.7;
endcap top part diameter d, =0.34 mm: cavity depth 4=0.27 mm: metal cap thickness 1, =0.27 mm; PZT thickness f, = 1.0 mm: bonding-layer thickness

1, =0.01 mm.

damage the outer edge of the PZT. The dimensional change
produced during the poling process of the PZT increases this
tensile stress concentration. reaching values close to the
fracture strength of the ceramic.

As actuators, metal-ceramic composites need to achieve
higher displacement and reduce the stress concentration in
order to attain higher generative force and reliability. It was
found that the introduction of a ring-shaped groove on the
endcaps markedly enhanced the actuator displacement {6].
At the same time, assembly techniques using room-temper-
ature-cured epoxies with prepoled ceramic were successfully
developed. However, because the polymers have a low melt-
ing point, the epoxy bonding method is only useful for low-
temperature applications. In addition, the temperature
characteristics of the moonie are related to those of the
ceramic elements [5]. The thermal expansion coefficient
mismatch between the metal and the ceramic is the origin of
a thermally induced displacement.

New metal—ceramic actuator designs using truncated con-
ical metal endcaps, called ‘cymbals’ [3,6-9], Fig. 1, have
demonstrated higher displacements, effective piezoelectric
coefficients, generative forces, hydrophone characteristics
and acceleration sensitivity. In cymbal actuators the radial
motion of the piezoelectric ceramic is converted into flexten-
sional and rotational motions in the metal endcap. By com-

parison with other high-displacement actuators, such as
‘rainbows’ [ 10], one of the big advantages of cymbal actu-
ators is related to their composite nature, and thus to the ability
of tailoring properties by adequate selection of the material
properties.

In this paper a simplified calculation was used to aid in
materials selection in order to understand the basic motion in
cymbals-type actuators, and to evaluate the actuator proper-
ties of cymbals. The temperature dependence of the new
metal—ceramic cymbal actuator design was also investigated.

2. Model

A simplified model of the cymbal was developed to help
focus the research on the choice of materials. By optical
microscopy examination of the polished cross sections of the
punched brass cymbal endcaps, the existence of a curvature
near the bonded region of the endcap was observed. This
curvature leads to an undefined bonding area along with low
Joad tolerance and low strength. It also causes the epoxy to
leak into the cavity, creating spurious resonant peaks in the
frequency response. Partial filling of the cavity also reduces
the actuator displacement and leads to irreproducible resuits.

In order to avoid such problems, it is necessary to have a
very good definition of the bonding area ring, d,, of the metal
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@ B

P A
Fig. 2. Schematic view of the load applied in different approaches to the
cymbal case. (a) Two force member is loaded axially, but eccentrically.
(b) Portion of (a) showing that the internal forces in a given section must
be equivalent to a force P applicd at the centroid of the section C. (¢) Ideal
cymbal endcap formed with segments connected by pins. (d) Forces
invoived in segment AB of (¢).

endcap, and at the same time to reduce as much as possible
the deformation of metal that forms the cavity.

When the composite is driven electrically in the transverse
direction, the piezoceramic disk shrinkage and therefore the
endcaps are loaded eccentrically. Fig. 2 shown a schematic
section of the circular endcap. The distribution of forces, and
thus the corresponding stress distribution, cannot be uniform
in the top part of the cavity. From the conditions of equilib-
rium of the portion of endcap shown in Fig. 2(b) it is found
that the internal forces in the given section must be equivalent
to a force P applied at the centroid of the section and a couple
M of moment M = Ph [ 11], where h corresponds to the cavity
depth. As aresult. rotation or flexure or both will be produced,
depending on the Young’ modulus of the metal used and the
geometry of the design. '

Consider the structure shown in Fig. 2(c), in which the
segments are pin connected. In that case, and if the structure
is axially unloaded, the motion is purely rotational without
mechanical loss. When the PZT is electrically driven by a
field parallel to the polarization direction, the longitudinal
shrinkage is transferred to the metal endcaps by the bonding.
Compressive stresses are generated in the PZT while tensile
stresses are generated in the endcaps. The bonding materials
must be able to endure such stresses exerted in opposite direc-
tions, otherwise microcracks may form and debonding will
occur. By increasing the bonding area it is possible to define
a threshold area that prevents debonding. The highest effi-
ciency in stress transfer is attained when the bonding area is

just large enough for the part of the endcap that forms the
cavity to follow the shrinkage of the ceramic inside the cavity.
However, if the bonding area is oo much larger than the
bonding-area threshold, a very high stress concentration will
occur in the bonding area due to the piezoelectric shrinkage.
In order to simplify the calculations as much as possible.
in a two-dimensional model it is helpful to consider the
following approaches:
(a) The endcap motion is purely rotational, such that mechan-
ical losses are not included. and the endcaps are rigid and free
to rotate at the change points in topology.
(b) The transverse shrinkage of the ceramic, Ad,, is com-
pletely compensated by a longimdinal displacement of the
endcaps.
The total displacement is the sum of the longitudinal
expansion of the ceramic plus the change of the cavity depth
due to ransverse shrinkage:

d=2Ah+Ah, (1)

In this expression, Ak is the change in cavity depth and Ak,
is the longitudinal expansion of the ceramic under applied
electrical field, E:

Ahc=d33Etp (2)

where d; is the longitudinal piezoelectric coefficient and 7,
is the thickness of the ceramic disk. The cavity depth change
can be calculated from the expression

h+Ah={lz-[(dc+Adc—'d‘)/2]3}”2 (3)

where [ is the lateral wall of the endcap and 4, is the diameter
of the top part of the endcap. In Eq. (3) the shrinkage of the
ceramic under applied field is

Ad.=dyEd. (4)

where d;, is the transverse piezoelectric coefficient, and d. is
the cavity diameter decrease. It is necessary to remark that
d3, is negative, so Ad, corresponds to a shrinkage of the
ceramic in the transverse direction.

From Eq. (3) it is apparent that the larger the cavity diam-
eter, the smaller the cavity depth; then a large piezoelectric
coefficient will produce a higher displacement, with the
ceramic~metal composite acting as a displacement amplifier.

The thermally induced displacement is a consequence of
the thermal expansion mismatch between the ceramic and the
metal. It is possible to calculate this thermally induced dis-
placement from

Aoy =1, Al + 2t +2{ (1AL,)
- [(chtP—AImAd,)(Z]Z)":—2(h+tm) -t (5)

where Ar, and A, are the increases of ceramic thickness and
metal thickness due to the dilatation with the temperature
increase, as follows:

At,=1+aAT (6)

and




J.F. Ferdndez et al. / Sensors and Actuators A 65 (1998) 228-237 a3

Table 1

Piezoelectric properties of ceramics used as a drive element in cymbals
Ceramic '3 tg & dy, (pCN"") dy; (pPCNTH
PZT 8D 1104 0.003 -107 289

PZT 5A 1802 0.016 -208 429

PZT 5H 3500 0.016 -285 581

Table 2

Metal characteristics

Metal Density a E
endcap ) (gem™?) (10°¢K™") (GPa)
Zirconium 6.49 59 7
Brass 8.53 19.9 110
Kovar 8.36 55 138
Low-carbon steel 7.86 1.7 207
Molybdenum 10.22 5.1 324
Tungsten 19.30 4.6 ) 405
Atn=1+0,AT (7)

where o, and @, are the thermal expansion coefficients of
the piezoceramic and the metal. respectively. Ad, is the cor-
responding increase of the top part of the endcap with tem-
perature in an analogue form of Eq. (Nn.

If the PZT is electrically driven, Eq. (3) can be rewritten
including the thermal displacement dependence,

diry=2{(IAt,)* = [(dAty=Atnd,) /2
= (d3myEd:AL) 12)2)2 =2 (lAtp)2
- [(chty -dAty) /2]:}”2 + d;;(-r)EtpA Ip (8)

where ds; (1, and dj3(r, are the corresponding piezoelectric
coefficients at different temperatures. In this expression the
thermally induced displacement was included. For AT=0,
Eg. (8) transforms into Eq. (1). From this expression, it is
clear that the temperature dependence of the ceramic—metal
composites can be reduced by eliminating the mismatch
berween thermal expansion coefficients of ceramic and metal,
and by reducing the temperature dependence of the piezo-
electric coefficients.

3. Experimental procedure

Poled ceramic disks, 12.7 mm in diameter and 1 mm in
thickness, of three different commercial ceramic composi-

tions were investigated. Table 1 summarizes the most impor-
tant parameters of the piezoelectrics. Dielectric constant and
dielectric loss were measured using an HP 4194A Impe-
dance/Gain Phase Analyzer: d;, was measured by the reso-
nance method [12] and dj; using a Berlincourt meter.

Several different cap metals were selected to test the impor-
tance of thermal expansion and Young's modulus. Molyb-
denum. tungsten. zirconium. brass (70% Cu-30% Zn).kovar
(54% Fe-29% Ni-17% Co), and low-carbon steel (ASTM
A 599 electroplated with tin) were selected. Table 2 lists the
physical properties obtined from the technical literature
(13,14]. Truncated-cone cymbals were obtained by punch-
ing and then pressing (up to 100 MPa) metal sheets approx-
imately 250 wm thick. Burrs generated during punching were
carefully removed by grinding. The pressing process pro-
duces a well-defined ring-shaped bonding area of 2 mm and
a cavity diameter of 8.7 mm. The bonding area was smoothed
using SiC sandpaper of 400 mesh to remove oxide layers and
to improve the surface for epoxy bonding. The cavity depth
was determined by subtracting the metal thickness from the
endcap thickness, both measured with a gage having an accu-
racy of £2 pm.

The ceramic disk and the endcaps were bonded together
around the circumference with two different epoxies. The
epoxy was applied carefully to avoid filling the cavity, oth-
erwise the properties are drastically changed. Bonding was
performed under a small pressure over the bonding area using
ring clamps. Details of the epoxies and the curing process are
listed in Table 3. Both epoxies are two-component systems
with similar lap tensile strengths. Eccobond is ablack-colored
epoxy that contains dispersed CaCO, particles. Masterbond
is a light-brown pure epoxy phenolic witha wide temperature
range of operation and needs to be cured at moderate
temperatures.

The actuator was electrically driven at 0.1 Hz in frequency
generated by a variable-phase digital function synthesizer
(NF model D194) under an applied field of 1 kV mm~!
supplied by a bipolar operational powder amplificator
(Kepco model BOP100M), and then the axial displacement
was measured using a linear voltage differential transducer.
LVDT, Feinpruf 12021C Millitron displacement meter. oran
MTI model 2000 photonic non-contact sensor. In both cases
the resolution was 0.05 wm. The displacement under load
was monitored with an eddy-current sensor having a resolu-
tion of 0.2 um. Temperature-dependent experiments were
performed in a specially designed temperature chamber
over the range —35 to +95°C. Borosilicate Glass Standard

Table 3

Characteristics of epoxies

Epoxy Curing process Temperature range o Tensile lap strength
°C) (107*K""H (MPa)

Eccobond 240.25°C —55tw0 +95 55 16.4

Masterbond 20h.25°C ~55t10 +228 35 174

+ 4h,70°C
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Reference Material 731 from NIST [15], was used as a
temperature standard.

4. Results and discussion

Fig. 3 shows the metal sheet thickness and the cavity depth
for the different metals selected. After pressing, the cavity
depth of the endcap is approximately 270 p.m for zirconium,
brass, low-carbon steel and kovar; 250 um for molybdenum
and 175 pm for tungsten. Before pressing, none of the end-
caps shows a defined bonding-area ring because of the exis-
tence of a curvature near the bonding region that gives higher
cavity depth, as pointed out in Fig. 3. The pressing process
give more reproducible metal endcaps with defined cavity
depth, cavity diameter and bonded regions, which is very
important in order to get reliable composites.

Fig. 4 shows the effects of the Young’s modulus of the
metal endcaps and the hardness of the PZT ceramics on the
displacement of composite cymbal actuators. For the same
metal endcap, there is a marked dependence of the displace-
ment on d,, the piezoelectric coefficient of the ceramic. The
model gave displacements from Eq. (3) of 26, 19 and 10 um
for PZT SH, PZT 5A and PZT 8D, respectively. These values
are in relatively good agreement with the measured displace-
ments of the cymbals built with the lower Young’s modulus
metal endcaps, i.e., zirconium endcaps. Increasing the
Young’s modulus of the metal endcaps reduces the displace-
ment of the cymbal actuator. This reduction of the displace-
ment is almost linear and the displacement of the higher
Young’s modulus metal endcaps is approximately 52-57%
lower than that achieved using the least Young’s modulus
metal endcaps, and is practically independent of the ceramic
type. The linear decrease of the displacement with the
increase of the Young's modulus of the metal denotes the
" spring nature of the endcaps.

In the case of composites bonded with Masterbond,
Fig. 4(b), a different l_:;ehavior was exhibited, having differ-

350 — T
300
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200

Cavity Depth, h (jtm)

150

I
0 100 200 300 400 500
Endcap Young's modulus (GPa)

Fig. 3. Cavity depth of the cymbal endcap as punched (O) and after pressing
() processes as a function of the metal Young's modulus.
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Fig. 4. Displacement of cymbal actuators for different base piezoceramics

as a function of the metal Young's modulus for cymbals bonded with (a)
Eccobond and (b) Masterbond.

Actuator Displacement, 1kV/mm (um)  Actuator Displacement, 1kV/mm (jtm)

ent displacement values, in general lower ones, than cymbals
cured at room temperature. It seems that the displacement
decrease is more pronounced for cymbals made with PZT SH
ceramics that have larger piezoelectric coefficients. The cym-
bals assembled with endcaps having larger thermal expansion
coefficients than the ceramics generate stresses during the
temperature epoxy curing, resulting in a marked decrease of
the actuator displacements. The large thermal expansion coef-
ficient mismatch between brass and the ceramic materials
provokes a drastic reduction of the actuator displacements.
In the case of PZT SH ceramic-based composites, the higher
dependence of the piezoelectric coefficients on temperature
could be responsible for the larger decrease in the displace-
ment characteristics. It is necessary to remark that the com-
posite acts as a displacement amplification system of the
piezoceramic, so the effect of stresses developed during cur-
ing is also amplified. It seems from the previous discussion
that the zirconium endcaps are disappointing, but the Young's
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modulus of this metal is slightly lower than that of the ceram-
ics. so the stress could be transferred to the metal. and a
possible deformation of the meal could occur.

The degree of hysteresis of the displacement is an impor-
tant criterion for actuators that provides information about
mechanical losses. It is defined [16] as

AH% =100 AX/X ., (9)

where X..,, is the displacement at maximum electric field. in
the present case 1 kV mm~ !, and AX is the difference in
displacement between increasing and decreasing path at haif
maximum of the applied electric field. To eliminate walk off,
the hysteresis data as well as the maximum displacement were
recorded after 12 cycles. Fig. 5 shows the degree of hysteresis
for the cymbal actuators plotted as a function of the endcap
modulus of elasticity. There is a very little dependence of the
hysteresis on the stiffness of the metal. The lowest hysteresis
values were registered for ceramic—metal composites made
from hard PZT, since the main cause of hysteresis losses is

20 ' T T T

Actuator llysteresis, 1kV/mm (%)

% 100 200 300 400 500
Endcap Young's modulus (GPa)

20 ' T T

L —

Actuator Hysteresis, 1kV/mm (%)

0 0 100 200 300 400 500
Endcap Young's modulus (GPa)

Fig. 5. Hysteresis of cymbal actuators for different base piezoceramics as a

function of the metal Young's modulus for cymbals bonded with (a) Ecco-

bond and (b) Masterbond.
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Fig. 6. Net displacement of the acmator axially loaded as a function of
the applied load for different metal endcaps bonded with Eccobond using
PZT-5H piezoceramic disks.

domain reversal. PZT-5A ceramic disks typically show
5-8% hysteresis losses.

Fig. 6 shows the net displacement of cymbal actuators hav-
ing different metal endcaps under load. The net displacement
is the displacement produced by the actuator when it is elec-
trically driven. If the actuator is loaded a free deflection is
produced and at each load the application of an electric field
produced a net displacement. The free deflection of the com-
posite is related to the spring characteristics of the composite.
Metals with low modulus of elasticity show higher displace-
ments and higher free deflection. On the contrary, the maxi-
mum load, defined as the load for which 90% of the inital
net displacement is maintained, increased with the modulus
of elasticity of the metal. Higher load than the maximum
provokes a permanent deformation of the structure with loss
of properties. Data were recorded before such a permanent
deformation and debonding of the composite took place.

Fig. 7 collects the data for maximum load along with the
free deflection for such a load for different metals endcaps.
The values obtained for maximum load are significantly
larger than those reported previously for the former cymbal-
type actuator 7], ~25 N. The reason for such an improve-
ment is related to a more efficient stress transmission of the
endcaps. Low-carbon steel is the only metal studied that
showed permanent deformation under maximum load. The
other metals recovered their original net displacement after
testing. Resonance spectra, which are very sensitive to sym-
metry changes, were recorded before and after the load test,
up to the defined maximum load. with no variations except
in the case of low-carbon-steel-based cymbals. On the other
hand, the PZT piezoceramic type has very little influence on
the maximum load, as shown in Fig. 8. For all three types of
PZTs the maximum load is reached at approximately 67 N,
for Kovar endcap cymbals bonded with Eccobond. The
mechanical response of the cymbal-type piezocomposites is
clearly related to the spring characteristics of the endcap.

For the composites made with Masterbond, debonding
always takes place under a maximum load lower than that of
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Fig. 7. (a) Maximum load and actuator net displacement and (b) free
deflection vs. applied load as a function of the metal endcap Young's
modulus. Cymbals bonded with Eccobond using PZT-5H ceramics.
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Fig. 8. Net displacement as a function of the applied load for different PZT-
based piezoceramics bonded with Masterbond. The encaps were made of
kovar.

the cymbals bonded with Eccobond, and the samples are
destroyed. All the samples failed at the endcap face in contact
with the load, leading to characteristic damage of the center
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Fig. 9. Calculated thermally induced disptacement for different metal end-
caps as a function of the cavity depth of the actuator. AT=350°C,
@,=6X10"%C"",

of the PZT electrode. Although the tensile lap strength is
similar for the two epoxies, the existence of particles in Ecco-
bond confers higher flexibility. This provides more stress
relief and a higher strength. Masterbond is a more crystalline
epoxy because of its curing process. The calculated stress in
the bonding-ring area of the endcap is 1.9 MPa for a load of
70 N. This is lower than the tensile lap strength of the epoxy.
Nevertheless, small microcracks generated in the bonding by
air bubbles, the free deflection of the endcap, the variations
on the thickness of the epoxy, etc., could be the origin of a
reduction of absorbed stress by the bonding. If the stress is
concentrated in the upper endcap, bending of the ceramic
could provoke the collapse of the structure, as observed.
Additional new experimentation will be required to clarify
this question, and may lead to improved designs for actuator
applications.

Using Eq. (5) it is possible to calculate the thermally
induced displacement of the cymbal actuators. The data cal-
culated for the different metals (Fig.'9) show that it is pos-.
sible to minimize and to avoid the thermally induced
displacement. The measured data were somewhat smaller
than the calculated values, Table4. The discrepancies
between the calculated data and the measured values are
higher for large thermally induced displacements. This is
artributed to the effect of the epoxy, which has a much higher
thermal expansion coefficient than the ceramics and the met-
als, thus affecting the stress transfer. From the point of view
of practical application. negative thermally induced displace-
ments are very interesting because the metal produces a
compressive stress on the ceramic that can reduce the depo-
larization caused by higher temperature.

Fig. 10 shows the thermal dependence of the net displace-
ment for different endcap materials bonded to PZT SH with
Eccobond. There is a drastic decrease in displacement for
temperatures higher than 50°C, which can be attributed to the
bonding layer. The linear operation region of the actuator is
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Table 4
Thermally induced dispiacement (pm) of different metal endcap PZT 3H cymbal actuaters measured from =3 to §5°C. The calculated data correspond to a
AT=100°C
Epoxy Tungsten Molybdenum Kovar Zirconium LC steel Brass
Eccobond -8.1 -03 -0.3 -0.3 48 489
Masterbond -20 -2.0 -0.3 1.0 8.4 60.3
Calculated -113 -6.3 -3.2 -0.1 30.0 118.4
Bonded with Eccobond Fig. 12 shows the measured curves for brass. kovar and tung-
PZT-5H sten endcaps bonded with Masterbond to several PZT ceramic
30 . & J' s l . gi:;m“m types. along with the calculated data from Eq. (6) for kovar
- ggg8898 o : g |e Kovar endcaps. Fig. 12(d). Based on these curves there are several
g . % L R X ) 00 |4 LCSteel ways of avoiding the temperature dependence of cymbal
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< 10 spuisgingg, nificant effect on the temperature characteristics and the stff-
2 ness of the metal is low, the thermal characteristics are
A controlled by the PZT ceramics. meaning that the cymbal
works as a displacement amplifier. In this case, piezoelectric
0 ceramics with low temperature dependence such as PZT 8D
20 0 4 60 80 and PZT 5A are more useful over wide temperature ranges.
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Fig. 10. Actuator net displacement 2s a function of the temperamre for
cymbals bonded with Eccobond using PZT 5H ceramics.
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Fig. 11. Actuator net displacement as a function of the temperature for
cymbals bonded with Masterbond using PZT 5H ceramics.

restricted to temperatures between 15 and 45°C for materials
with low thermal expansion mismatch between the metal caps
and the ceramic. For temperatures below 15°C, the decrease
in displacement with temperature can be traced to the tem-
perature dependence of the piezoelectric coefficientds, [17].

With Masterbond it is possible to extend the temperature
range of the cymbal actuator, Fig. 11. Under these circum-
stances. the temperature dependence of the net displacement
is very close to that of the ds, coefficient of the ceramic. The
dependence is higher for the more compliant metal endcaps.
Exceptions to such behavior are observed for metals with
higher thermal expansion coefficient than the ceramic.

temperature dependence was observed for temperatures
higher than 40°C. In such a case, the mismatch of thermal
expansion coefficients berween the metal endcaps and the
ceramic produces a large posiuve thermally induced displace-
ment. As a result, the cavity size is changing slowly in relation
to the cavity depth. As the cavity depth increases, the dis-
placement decreases [ 18]. Thus the net position of the actu-
ator is continuously increasing because of the thermally
induced displacement, even though the temperature depend-
ence can be canceled over a limited temperature range.

(¢) Using higher-stiffness metal: although the stiffness
leads to a reduction in displacement, tungsten endcaps
provide temperature-independent behavior. The slightly
negative thermally induced displacement can easily be
compensated. By utlizing multistack structures, it is possibie
to have very high displacement and negligible thermally
induced displacement and temperature dependence.

Fig. 13 shows the measured temperature dependence of
selected samples, taking into account both the net displace-
ment and the thermally induced displacement. It can be
seen that large displacements have been obtained without
temperature dependence.

5. Conclusions

The properties and performance of ceramic-metal com-
posites with 2(0)-2-2(0) connectivity can be opumized
through the selection of materials. Because of the composite
structure, the metal endcaps amplify the displacement gen-
erated by the piezoelectric ceramic. The metal endcaps con-
vert the transverse shrinkage of the ceramic into a longitudinal
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Fig. 13. Measured displacement temperature dependence of different cym-
bals bonded with Masterbond using PZT-5H type ceramic ( net displacement
plus thermally induced displacement).

displacement. The motion mechanism corresponds to a rota-
tion of the metals endcap segment according to the simplified
approach made. The higher the d;, of the PZT, the higher the
displacement. The higher the Young's modulus of the metal,
the lower the attained displacement. But, on the contrary, the

applicable maximum force increases with the Young’s mod-
ulus of the metal endcaps and it seems to be independent of
PZT ceramic type. Higher applicable force limits are reported
(up to 85 N compared with the previous 20 N), based on
more efficient stress-transfer bonding reached by the elimi-
nation of the curvature of the endcaps in the vicinity of the
bonding area. '

The thermal behavior of the cymbal actuator displacement
depends on the thermal characteristics of the PZT ceramic
element, particularly the d;, temperature behavior. The ther-
mally induced displacement was also eliminated by using
metals with similar thermal expansion coefficient to the
ceramic, as it has been calculated that a higher cavity reduced
such thermally induced displacement. Low or negligible tem-
perature dependence of displacement in the cymbal actuator
was achieved for metal endcaps with higher stiffness and
lower thermal expansion coefficient than piezoelectric
ceramics. '
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A type of high strain piezoelectric ceramic actuator. namely. pseudoshear multilayer actuator, is
described. In this structure. a stack of prepoled rectangular piezoelectric transducer ceramic sheets
are conductively bonded at alternate ends, while the bottom layer bonded on a fixed base. When
driven, alternate layers elongate or shrink in the same direction through converse piezoelectric
effect, which results in the actuator structure developing a strong shear motion abour the face
perpendicular to the bonding direction. Experimental results indicate that more than 50 um
displacement can be achieved from the top layer for an actuator consisting of 18 layers with
dimensions of 25.57 mmx4.02 mmX0.51 mm (1 X w X ). By reducing ceramic sheet thickness and
using more layers, even large displacement can be obtained. and driving voltage can also be reduced
while keeping the same field level. Nonlinear piezoelectric response under high driving field further
enhances the displacement level. © 1998 American Institure of Physics. [S0003-6951(98)00418-5]

Piezoelectric actuators are usually classified into three
categories: multilayer actuators. bimorph or unimorph bend-
ers, and flextensional composite actuators. Multilayer actua-
tors. in which about 100 thin piezoelectric/electrostrictive ce-
ramic sheets are stacked together with internal electrodes
utilizing the longitudinal (ds;) mode. are characterized bv
large generated force. high electromechanical coupling. high
resonant fraquency. low driving voltage. and quick response.
but smail displacement level (<10 «m).' On the other hand.
bimorph or unimorph actuators consist of two thin ceramic
sheets or one ceramic and one metal sheet bonded together
with the poling and driving directions normal to the inter-
face. When driving. the alternative extension and shrinkage
of ceramic sheets due to transverse (d3;) mode result in a
bending vibration. Bimorph and unimorph actuators can gen-
erate a large displacement level but low electromechanical
coupling. low resonant frequency. and low driving force.
Flextensional composite actuator. “'moonie”*,™ consists of a
piezoelectric or electrostrictive ceramic disk and metal end
caps which act as a mechanical transformer converting and
amplifying the lateral displacement of ceramic disk into axial
motion. Medium displacement and force level can be ob-
tained in moonie actuators.

Most recently developed cantilever monomorph.
RAINBOW-. and shear mode actuators*~’ are basically modi-
fied unimorph actuators with advantage of simple monolithic
structure by which bonding problems usually observed in
bimorph-type actuators can be avoided. However, large dis-
placement is achieved with sacrificing the generative force.
In this letter, we report a new tvpe of pseudoshear mode
actuator which makes use of a composite structure assembled
from thin sheet soft piezoelectric transducers (PZT) piezo-
electric ceramics, poled in the usual direction normal to the
major face of sheet and driven by electrodes upon the major
faces.

In pseudoshear multilayer actuator structure, N laver

*Electronic mail: gxw4@psu.edu
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fully electroded piezoelectric ceramic plates are bonded to-
gether by a stiff conductive epoxy at alternate ends of the
plate structure as depicted in Fig. 1(a). The bottom layer is
bonded on fixed base with one end. The gaps between the
nonbonded faces of the sheets are filled by thin plastic sheets
or teflon coatings to stabilize the structure. All the ceramic
plates have the same normal poling direction and they are
connecied electrically in parallel through the conductive ep-
oxy bond line with the wires contacting alternate pairs of
plates from each side. For PZTs. the piezoelectric d3, coef-
ficient is negative. Tracing now the effect of a voltage ap-
plied between the two contact wires of sign shown in Fig.
Itb). The bottom plate is subjected to a field against the
original poling direction. i.e.. 2 negative field thus, since d3,
is negative the resulting linear piezoelectric strain is

xy=—dy(—E;)=dyE:. (1

If L is the length dimension of ceramic stack. the elongation
or shrinkage of each layer is

d1=d3|E3L. (2)

Poling
direction
T 3 PZT ceramics

sma Thin plastic sheet
=  Conductive epoxy

ez

{a)
/ . poling \

direction

FIG. 1. Schematic drawing of pseudoshear actuator structure.

© 1998 American institute of Physics
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FIG. 2 Piezoelectric d3, coefficient as a function of bipolar ac electric field
for soft PZT ceramics (Motorola 3203 HD).

Because ceramic plate are bonded at its right end. the left end
is free and then moves to the left by a distance d, .
For the second plate in the stack. however, a positive

field is applied along the poling direction, thus plate 2
shrinks so that

d:=—d3|E3L. {3

Now the right hand end of plate is free to move which
will move a distance d, also to the left. thus its total dis-
placeament. combining with plate 1. is 4| +d- to the left.

Obviously. each layer is carried by its following laver
thus the direction of elongation and shrinkage of each laver
are the same. Therefore the displacement of the upper layver
is cumulative from its lower layvers. For a stack of \V plates.
the total displacement of its top layer. with respect to base. is

d=dl§_d-_\ ....... +d‘.v=.Vd3;E3L (4

d=d,+dy.......+dy_,=(N=1)dyEsL (5)

-at bonded end.

If the voltage is reversed to the stack as shown in Fig.
lic), the actuator will now shear over upper surface moving
to the right. Therefore under the ac field, this multilayer ac-
tuator vibrates similar to pure shear vibration can thus be
called pseudoshear multilayer actuator.

From Egs. (4) and (5). it can be found that the total
displacement of the top layer depends on the number of ce-
ramic layer VN, the value of d;;. the magnitude of electric
field E;. and also the length of actuator L. It is interested to
note that, due to E;=V/t, where V is the applied voltage and
¢ is thickness of ceramic layer. the driving voltage can be
reduced by reducing the thickness of ceramic layer while
keeping the same field strength.

Assuming the space between each layers in the actuator
stack is z,, the total stack thickness will be (¢+¢,)V and the
shear angle or shear strain J will be

NdwE:L  dyEsL
(t+t N (t+1)°

o= (6)
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FIG. 3. Displacement as a function of ¢lectric field for a prototype pseudos-
hear actuator (N=18, L=25.57 mm. w=4.02 mm. r=0.51 mm).

since r<€ L, the stack can be designed to generate large shear
angles.

From Eq. (6), we may introduce an effective shear coef-
ficient d} by comparing with pure shear strain, xs=d sE3,
. _dul

L
an

< . )
oI

M

which is a dimension-dependent coefficient.

To examine the performance of a pseudoshear actuator.
an i3 layer stacked protorvpe actuator with dimensions of
2357 mmXx4.02 mmX0.5i mm (1 XwXr) of each laver is
orepared using commercial Motoroia soft PZT (3203HD) ce-
ramics. In the multilaver stucture, all lavers are aligned in
the same poling direction. Silver epoxy (E-Solder® No. 3021
Conductive Adhesives. [MI Insulation Materials. Inc., New
Haven. CT) was used to bond the alternative ends of ceramic
sheats. Very fine copper wires were used to connect the elec-
trodes in such a way that each layer was connected electri-
cally in parallel. Thin plastic sheets of about 0.1 mm thick-
ness or silicon grease were used to fill the gaps between each
layer to stabilize the structure. A load of about 1 kg was
applied on the top of multilaver structure when hardening the
silver epoxy.

To characterize the actuator performance, the displace-
ment of the top layer of pseudoshear actuator was measured
as a function of driving electric field. The measurement setup
and procedure were described in a previous letter.” To check
the various vibration modes. impedance spectrum of actuator
was measured by using an impedance/gain-phase analyzer
(HP4194A, Hewlett Packard Co.).

It should be noted that for nonlinear piezoelectric mate-
rials such as PZTs, piezoelectric coefficient is electric field
dependent. The data provided by material manufacturers are
usually measured under weak field by resonance-
antiresonance method. and thus are not applicable for the
actuator perfermance evaluation because strong electric
fields are usually applied to drive the actuators. Therefore,
the piezoelectric d;; coetficient of of Motorala PZT 3203HD
ceramics was measured as a function of electric field. A rect-
anguiar sample with dimensions of 38.0 mmXx12.5 mm
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X0.5 mm was used for this measurement. A sinusoidal driv-
ing field with frequency of 50 Hz is used to excite the
sample. The effective d, coefficient was obtained by d5,
=x,/Ej;. here x, is transverse strain under electric field E;.
The effective piezoelectric d5, coefficient as a function of
electric field E; is depicted in Fig. 2. It can be seen that due
to its nonlinear ferroelectric nature. s, is no longer a con-
stant over the used electric field range for soft PZT ceramics.
As the magnitude of applied electric field increases, d5; co-
efficient increases. The insert in Fig. 2 shows the transverse
strain under weak electric field. It is clear that linear piezo-
electric relation between strain and electric field, x,=d3,E;
is obeyed only at a rather low field level. The measured low
field level d:, coefficient is — 318X 10'> m/V, which is in
good agreement with the data provided by the manufactur-
er's data sheer. — 320X 10" m/V, measured by resonance-
antiresonance method.

It has been shown®’ that the nonlinear piezoelectric re-
sponse in ferroelectric PZT ceramics under high driving field
originates mainly from the motion of non-180° domain
walls. Experimental results also showed that dielectric losses
drastically increase with the amplitude of driving field, since
the non-180° domain wall motion is inherently a lossy pro-
cess. But no significant temperature increase was observed
when frequency is far off the resonant frequency of the ce-
ramic sampie. So for off-resonant frequency driving, soft
PZT can be driven under quite a high electric field level.
However. :he nonlinear piezoelectric response of PZT ce-
ramics has i0 be considered in the actator design.

Figure = shows the displacement as a function of electric
field for the prototvpe pseudoshear actuator composed of 18
layer PZT ceramic sheets. More than 30 um shear displace-
ment was ootained under a driving deld of 270 V/mm. A
nonlinear piezoelectric response under high electric field
contributes significantly to the shear displacement. Consider-
ing the thickness of ceramic sheet and the space between
layers (r—7.=0.61 mm). we can calculate the effective pi-
ezoelectric d3s coefficient by using Eq. (7). Under weak
field. since d:;=—318X 107> m/V. we have d%s=13 380
X 107 '3 m/V which is about 13 times higher than the shear
mode piezoelectric coefficient d,s (=1045% 1072 m/V for
soft PZT 3203HD) of the ceramic material. It is interesting to
note that d5: is a dimension-dependent parameter. By using
an even thinner ceramic sheet, d} coefficient can be further
increased. Since d3; increases with a driving field due to
nonlinear piezoelectric response. di coefficient will also in-
crease as the amplitude of applied ac tield increases.

Frequency characteristics of pseudoshear actuator may
be adduced from the impedance spectrum shown in Fig. 4.
There is not any resonance observed below 1 kHz. indicating
the displacement of pseudoshear actuator may have flat fre-
quency responses in the low frequency range. Two weak
resonances are evident near 1.33 and 3.0 kHz which are
probably due to spurious bending modes. It was found that if
a load was placed on the top of actuator. these two resonant
modes were greatly reduced or even disappeared. By making
more compact structure through better selection of the poly-
mer filler material and better bonding processing, the two
peaks could be eliminated. The resonance at 10 kHz is the
first extended iongitudinal mode which in pseudoshear con-
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FIG. 4. Impedance and phase spectra for pseudoshear acruator in the fre-
quency range of 1 to 100 kHz.

figuration will now represent the first effective shear mode.
A second strong mode at 26.8 kHz is probably a shifted third
harmonic. Weaker higher order modes are evident at 53 and
50.6 kHz.

In summary, a new type of piezoelectric actuator,
namely. pseudoshear actuator is developed. Large displace-
ment was obtained through this multilayer configuration. A
noniinear piezoelectric response further enhances the vibra-
tional level of actuator. The frequency characteristics are
also studied which indicated the resonant frequency of effec-
tive shear mode is much higher than that of the bending
vibration mode of bimorph-type ac:uators. The pseudoshear
actuator has the following advantzges: (1) The actuator is
assembled from thin sheet PZT already electroded and pre-
poled: (Z) shear vibration is realized through d; mode by
applving ac voltage through the thickness direction so that
high fields may be realized at low driving voltage; (3) the
generative force is controlled by stiffness ¢, which is larger
than the shear stiffness cy: (4) the magnitude of shear can
be controlled by the ratio of L/(r—:.) and can be very large
for thin sheets. '

The pseudoshear mode actuator may have a very wide
range of applications. The systems where it could replace
conventional actuators would be linear and rotary motors,
step and repeat (inchworm) type actuators, flow sensing and
flow control. valving and pumping system, and many others.
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The article presents the results of a recent investigarion on the ultrasonic performance of 1-3
piezocomposites. Using a guided wave approach, the electromechanical properties of the thickness
resonance are modeled and the results are compared with the experimental data. The influence of
various losses in a 1-3 composite on the dispersion curves and the quality factor for the thickness
mode is examined. It is found that the reduction in the quality factor of a composite compared with
piezoceramic is mainly due to the acoustdc coupling between the two constituents. Even for a
composite with the mechanical Q of the polymer higher than that of the ceramic, the mechanical Q
of the composite is stll lower than that of the ceramic except when the ceramic volume content
is very low. Hence, in most of piezoceramic polymer composites, the mechanical Q of the ceramic
phase plays a major role in determining the quality factor of a 1-3 composite transducer. For
the lateral modes in a 1-3 composite, it is found experimentaily that the frequencies of the
two lowest lateral modes can be determined approximately by the shear wave velocity and the width
of the polymer gap over a broad ceramic volume fraction range, suggesting that they correspond to

the half-wave standing waves in the polymer gap.
[S0021-8979(99)08603-X]

1. INTRODUCTION

Piezoceramic polymer composites offer many advan-
tages over single phase materials for many transducer appli-
cations such as underwater somar. ultrasonic imaging for
medical and NDE applications, and stress sensors.!~ The
complementary properties of the polymer and ceramic
phases in the electric and mechanical responses make it pos-
sible to tune the composite properties over a wide range. On
the other hand. in order to fully make use of these advan-
tages and to reduce the manufacture costs of composite, it is
necessary and still a challenge to establish a quantitatively
structure-property relationship which links various design
parameters in the constituents to the final device perfor-
mance and reveals new properties of composites that are ab-
sent in single phase materials.

In the past two decades, a great deal of effort has been
devoted to analyze and model the transducer performance of
piezocomposit&s.:’"9 The model (quasi-static model) devel-
oped by Smith and Auld® and Hashimoto and Yamaguchi*
based on the isostrain and isostress concepts in treating the
coupling between the constituent phases provided a qualita-
tive prediction on the effective piezoelectric properties of 1-3
composites as a thickness resonator. It was shown from the
model that the thickness coupling factor k, of a composite
can approach the longitudinal coupling factor k35 of the pi-
ezoceramic rod, which agrees with experiments for compos-
ites with a high aspect ratio d/r, where ¢ is the thickness and
d is the periodicity of the composites. Because of its simplic-
ity, the quasi-static model offers a convenient means for a

SCyurrent address: Biatek, Inc. State College, PA 16801.
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quick estimation of the composite parameters. Auld er ai.
pointed out the existence of the stop band edge resonance in
both 2-2 and 1-3 composites due to the periodic arrangement
of the ceramic elements in these composites.™ However. in
order to address quantitatively many realistic issues of a
composite material such as the influence of the aspect rato
and shape of the ceramic rod in 2 1-3 composite on the
performance, finite element method (FEM) is often used. ”?

More recently, based on the guided wave approach. an
analytical model was developed which is capable of treatinz
many practical issues related to the ultrasonic performance of
a 2-2 composite. By combining this with the eigenmode ex-
pansion, the ultrasonic properties of a finite thickness 2-2
composite can be analyzed quantitatively and many new fea-
tures were predicted and confirmed experimenmlly.“"”
Clearly, the model results offer many new physical insights
into the ultrasonic performance of a 2-2 piezocomposite. Itis
the purpose of this work to explore the possibility of using
similar approach to 1-3 piezocomposites.

In this article, a simplified wave propagation model will
be used to analyze the ultrasonic properties related to the
thickness resonance of 1-3 composites and the results will be
compared with experiment. Comparison will also be made
with the quasi-static model to show the range of its validiry-
Since the mechanical Q of a composite is an important pa-
rameter in determining the bandwidth of the transducer made
from it, experiment and model analysis are also made 10
show that the mechanical Q of a composite is not a simple
extrapolation between the two end constituent phases (ie.
ceramic and polymer) and can be much smaller than those of
both constituents. In addition, experimental results will b
presented regarding the frequencies of the lateral modes anc

© 1999 American Institute of Physict
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FIG. 1. () Schematic drawing of a 1-3 piezocomposite having a square unit
cell (b) A concentric unit ceil and the coordinate system for a 1-3 composite
(d=2r.). (c) Schemaric drawing of a 1-3 composite with ceramic rods
arranged in 2 hexagonal pericdic array. A concentric unit cell may be used
0 approximate hexagonal unit cell as shown.

it will be shown that simple reladonships exist between the
fre:;::2ncies positions of these modes and the parameters of
the pulymer matrix.

ll. SAMPLE PREPARATION

In order to compare the model results with experiment,

1-3 piezocomposites with different ceramic volume fractions
were prepared by a dice and fill method. The ceramic used
was the commercial PZT-5H disk and the polymer matrix
was Spurr epoxy.'® In the fabrication of 1-3 composites,
-5 ceramic disk was first diced in one direction peri-
odically by Isomet 1000 dicing saw and the ceramic volume
fraction is determined by the ratio of the kerf width/period.
For example, for a 1-3 composite with 40.5% ceramic voi-
ume content, the periodicity is 1.024 mm and the kerf width
is 0.355 mm. After the dicing, the sample was carefully
cleaned by acetone. and the Spurr epoxy was then filled into
the kerf. Any possible gas bubbles in the polymer were re-
moved by placing the sample in a vacuum for more than an
‘hour. The polymer matrix was thea cured at 50°C in the
oven for 8 h. After curing, the sample was cut in the perpen-
dicular direction to the first cut with the periodicity and the
kerf the same as the first cut, and then cleaned. filled with
®poxy and cured. Because the ceramic may be partially de-
Poled in the process of cutting. curing and polishing. the final
I-3 composite was repoled in 70°C oil for 5 min under a 2
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kV/mm dc electric field. Different thickness samples were
used to vary the thickness resonance frequency and the elec-
tric impedance was measured by an HP 4194 Impedance
Analyzer.

lll. WAVE PROPAGATION IN AN UNBOUNDED 1-3
PIEZOCOMPOSITE "

In general. a 1-3 composite, such as shown in Fig. 1(a),
has a three-dimensional structure and although its dynamic
behavior can be treated using the approach in Refs. 13 and
14, the mathematics involved is quite complicated and cum-
bersome. To simplify the mathematics of the analysis, we -
will investgate the possibility of using the concentric unit
cell Fig. 1(b), which is an approximation to the unit cell of a
1-3 composite having the ceramic rods arranged in a hexago-
nal lattice as schematically drawn in Fig. 1(c). to analyze the
ultrasonic propertes of a 1-3 composite at the thickness reso-
nance. Such an approximation reduces the problem to a two-
dimensional one which is much simpler and as will be shown
in the article the model results on the thickness resonance
compare quite well with experimental data.

The cylindrical coordinate system is chosen for the unit
cell shown in Fig. 1(b) where the : axis is along the poling
directon of the piezoceramic rod. the r axis is along the
radial direction and the  axis is perpendicular to the r-z
plane, respectively. Because of the axial symmetry, the gov-
erning equations become'

-

oT,. T, 1 éu,
o o T 7T Te=p5. (1)
oT,. T, oT.. &, N
ar r oz =P (
oD, 1 oD. .

-~ =D, +—=0. (1c)

or r- " o=

The symbols adopted in this article are summarized as fol-
lows: T;; and §;; are the stress and strain tensor components,
u; is the elastic displacement vector. p is the density, D; is
the electric displacement vector, and E; the electric field. The
relevant material coefficients are: ¢;; is the piezoelectric co-
efficient. ¢;; is the elastic stiffness, and ¢; the dielectric per-
mittivity. Equation (1) holds for both polymer and piezocer-
amic phases.

The constitutive equations for the piezoceramic in the
cylindrical coordinate system are

ou u du.
_ EYr glUr 04
Trr"cu—ar e +C13_a: k.. (2a)
ou u du.
_ EYr plr gou
Tn"‘-‘xz—‘o-,,. ten +‘-'13—‘az ek, (2b)
du u du.
= L LB E S
Te=cy oy tong—enk:. (2c)
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£ [our  du:
T.=cq E-*--a_r —eisE,, (2d)
du, Odu.
Dr=els(3,-+ —éf)+€{l£r1 2e)
ou, u, du.
D.=ejy 3’;"*";’ +333“'9:_"‘53:~E:- (2)

For the polymer phase. ¢y, in Eq. (2) is zero. The super-
scripts E and S indicate that the coefficients are under the
constant electric field and constant strain conditons, respec-
tively. Under the quasi-electrostatic approximation, the elec-
wic field E is related to the electrical potental [+

E=-Vo. 3)

Combining Egs. (1), (2), and (3) vields differendal equa-
tions governing the elastic displacement u,, 4, and the
electrical potential @ in the piezoceramic rod and in the
polymer, respectively.'' The general soludons for the piezo-
active modes in the ceramic rod have the form:

|
cEpr+cih’—pa’ (cE+ci)nB
[MU]: (CfS-"_Ci&)hﬁ Cflh:+cf4ﬁz-pw2
e33B° + eysh? (e;stes)hB

(where h is replaced by h{ for i=1. 2..and 3, respectively).
The time-dependent term exp(—jwr) is omitted in Eg. (4).
where w is the angular frequcncy.“ RS are the coefficients to
be determined from the boundary condidons.

Similarly, the solutions for the polymer phase can be
obtained'!

W= 2 FILRETo(R2r)+ QP Y o(Rr)]sin(B2),

uP=, g?[REJ (hor)+QFY (hEr)]cos(Bz). ©6)

@P=[CiJo(hGr) + C5Yo(h5r)]sin(Bz).

where i= 1, 2, and the superscript p denotes the polymer. For
a nonslippery interface berween the ceramic and polymer. 8
in the polymer should be the same as that in the ceramic. Yo
and Y, are the zeroth-order and first-order Hankel function.
f7 and g? are the cofactors of Ag (i), Aga(i) of Eq. (5) with
all the material parameters replaced by those of polymer
phase, and

(hD)*=(k})* =B, (h)?=(k5)*— B2, and (h§)*= -p.

M
where k= w/}, k7= w/VE, % and v% are the longitudinal
and shear wave velocities in the polymer phase, respectively.
R?, 0P, C%. and C} are the coefficients to be determined by
the boundary conditions.
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uS=2, REfelo(hir)sin(B2).

ul=2 ngf]l(hfr)cos(/i:). . (4)

o= 2 Rf:fjo(hfr)sin(ﬁ:)-

where i runs from 1 to 3 and the superscript ¢ denotes the
ceramic. Jo and J, are zeroth-order and first-order Bessell
function. B is the wave vector component along the z direc-
tion (8=2m\, where X is the wavelength along the same
direction) and k; is the wave vector perpendicular to that
direction. For each B, there are three h, h{, h3, and hS.
corresponding to  the quasi-electromagnetic,  quasi-
longitudinal, and quasi-shear waves in the piezoceramic rod.
respectively. fi, g; and 1€ are the cofactors of Ay (D).
Akz(i), and Ak3(i) of the determinant:

essB+eysh’
(eysTe3)hB (s
—(€,h7 + €87

r

The expressions of the stresses and the electric displace-
ment in the ceramic rod and the polymer phase can be ob-
tained by substituting the equations of the elastc displace-
ment and electric potential into the construtve equations
[Eq. (2) for the ceramic rod]."!

The boundary conditions at the ceramic polymer inter-
face (r=r;) are

u=u?, ui=uf, T;=T0,, T_=TL. (8a)
&°=d?, D;=Df,

and the symmetry conditions at rv= r, require
172.=0, u?=0, D}=0. (8¢)

From Eg. (8), the relationship between o and B, the disper-
sion relations, can be determined. For each pair of  and -
the relationships among R, R, 0%, and C7 [in Eqgs. @
and (6)] can be obtained.!!

. (8b)

IV. EFFECTIVE ELECTROMECHANICAL PROPERTIES
OF A 1-3 PIEZOCOMPOSITE

The longitudinal wave velocity of a 1-3 piezocompositt
is determined from the dispersion curves using Vpy=w/F
Presented in Fig. 2(a) is the comparison of the theoretic2
and experimental results of the longitudinal wave velocir,
vP as a function of d/ (t is the thickness of the compositt
and d=2r,, and at the thickness resonance 8=27/A= wlt
for a 1-3 piezocomposite with 40% ceramic volume fractior
In this aricle, except otherwise specified, the composit®
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FIG. 2. (2) Longitudinal wave velocity of a 1-3 piezocomposite with 40%
$& +- i content as a function of d/r. The open circles are the experimental
resuity and solid line is from the model. (b) The longitudinal wave velocity
as a function of ceramic volume fraction for composites with different d/¢
derived from the model. For the comparison. the result from the quasi-static
model is also included. '

have PZT-5H as the piezoceramic and Spurr epoxy as poly-
mer matrix.!? The parameters of the PZT-5H piezoceramic
and the Spurr epoxy are presented in Table 1. where the real
pur: -~ the material parameters is from Ref. 16. The experi-
mental results are obtained by the resonance method using
HP4194 Impedance Analyzer from 1-3 piezocomposite
plates with different thickness ¢ (the sample thickness
ranges from 0.5 to 5 mm) and VP=2 f,t (f, is the parallel
resonance frequency). The agreement is very good for d/t
less than 0.65. At d/r higher than 0.65, the theoretical results
deviate from the experimental values, which is due to the
concentric unit cell approximation used in the analysis which
€anno: *reat the mode coupling correctly.

Shown in Fig. 2(b) is the dependence of the longitudinal
Wave velocity on ceramic volume fraction for a 1-3 piezo-
composite with different ratio of d/t. The lowering of V2 for
d/t=0.63 shown ar the low ceramic volume content region
(at the ceramic volume content less than 40%) in the figure is
due 1o the coupling of the thickness mode with the lateral
mode. For composites with higher ceramic volume content,
this coupling will occur at higher d/t and correspondingly,
the lowering of V2 will occur at higher values of d/r. Away
from the visupling region (in practical design. the frequency
Of the first Jateral mode is chosen to be at twice that of the
thickness mode), V2 exhibits very little dependence on d/r
Which'is consistent with the data in Fig. 2(a) and earlier
Sxperiment results.!” For the comparison. V2 from quasi-
Static mode! are also shown in Fig. 2(b).>* And V? derived
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FIG. 3. (a) Electromechanical coupling coefficient k, as 2 function of ce-
ramic volume fraction for composites with different d/r derived from the
model. For the comparison. the result from the quasi-staric model is also
included as the solid line. (b) The electromechanical coupling coefficient k,
of a 1-3 piezocomposite with 40% ceramic content as a function of d/t. The
open circles are the experimental results and solid line is from the model.

" from the quasi-static model is higher than thar determined

from this model and experimental data.
The thickness mode electromechanical coupling coeffi-
cient of a 1-3 piezocomposite is derived in the mode! from'®

E 2
2 V;
k,‘:l-—(;v) . )
t .

where vE and »° are the longitudinal wave velocity under
constant E and constant D conditions, respectively. Presented
in Fig. 3(a) is the dependence of k, on ceramic volume frac-
tion for a 1-3 piezocomposite with different d/z. Again, the
reduction in k, at the low ceramic volume fraction region for
the curve with d/r=0.63 is due to the coupling to the lateral
mode. At d/t away from the coupling region. k, exhibits very
litle dispersion. For the comparison, the results from the
quasi-static model is also presented in the figure and &, from
the quasi-static model is less than that from this model even
when 4/t approaches zero, where the thickness of the com-
posite is much larger than the period.

The thickness coupling factor for a 1-3 piezocomposite
with 40% ceramic volume content was evaluared experimen-
tally using the relation:'®

kf:-‘;%m;&fff—’). (10)

where f, and f, are the series and the parallel resonance
frequencies of the 1-3 piezocomposite plate. respectively.
The dependence of the theoretical and experimental electro-
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FIG. 4. Quality factor Q,, of 1-3 piezocomposites as a function of ceramic
volume fraction. Q,, is evaluated at dit=0.063 and f=11TkHz (71
=20.7N/m*s and 74=11.0 N/m®s for the polvmer). Q¢ is the quality
factor for the piezoceramic (poled PZT-5H). The result from the quasi-static
modsl is included as the dashed line. The experimental data are represented
as black dots.

mechanical coupling coefficient k, on the aspect ratio d/t is
shown in Fig. 3(b) for composites with 40% ceramic content.
The agreement between the two is excellent for 4/t less than
0.65. At d/t above 0.63. the deviation of the theoretical value
from the experimental one is due to the concentric unit cell
approximation used in the model which cannot describe the
mode coupling berween thickness mode and lateral mode
correctly.

V. LOSSES IN 1-3 PIEZOCOMPOSITES

In the previous sections. the losses in the materials have
not been included in the analysis. However, as has been
demonstrated in many experiments. loss in a 1-3 piezocom-
posite is much higher and hence the mechanical Q is much
lower than that in piezoceramic. Therefore, it is very impor-
tant to include the losses in the analysis. For practical trans-
ducer applications, a material with a mechanical Q much
lower than that of piezoceramics is desirable in order to
broaden the transducer bandwidth.

In general. there are three types of losses in a piezoelec-
wic material. i.e., mechanical loss, dielectric loss, and piezo-
electric loss. In the polymer phase. there are only mechanical
loss and dielectric loss. The losses in the ceramic phase can
be expressed by complex constants.'?

) "
ch=cf/+ict].

ej=e;tie (1
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s s s
€, =€ TJE

and the losses in the polymer phase can be expressed as
r .on
cij=cCiyyTICijn
(12
e=¢ —j€'.

From the fact that the attenuation in piezoceramic is propor-
tional to frequency, the imaginary part of the parameters in
ceramic can be assumed constants.”® While in the polymer
phase, the main loss mechanism is due to viscosity, there-
fore, ¢};= wmn;;, Where 7;; is the viscosity coefficient of the
polymer.

The quality factor Q (or the mechanical Q) for the thick-

pess mode of a 1-3 piezocomposite is evaluated from the
dispersion curves using the relation:
B: .
0=5z" (13)
where 3, and B; are the real and imaginary part of the wave
vector 3. respectively. Presented in Fig. 4 is the Q of a 1-3
piezocomposite as a function of ceramic volume fraction
evaluated at d/r=0.063. The loss parameters used in the cal-
culation are those of PZT-5H for the ceramic phase and
Spurr epoxy for the polymer (listed in Table I). Those pa-
rameters are obtained from several sources: the dielectric
losses for the PZT-5H ceramic and the elastic losses in Spurr
epoxy were measured here: the elastic losses and the piezo-
electric losses for the PZT-3H ceramic are taken from Refs.
31 and 22. The elastic loss for the polymer is evaluated at
117 kHz which yields a mechanical Q=222X 10° for the
polymer (which seems to be very high, however. it was de-
rived directly from measured viscosity coefficient 7 at 23
MHz). The mechanical Q in the polymer phase is inversely
proportional to frequency while in the ceramic phase it is a
constant.

The results in Fig. 4 show that the quality factor of 2 1-2
piezocomposite is less than that of both the ceramic and
polymer for the composites evaluated. For the comparison.
the quality factor for the thickness mode of several 1-3 com-
posites with different ceramic content and single phase
PZT-5H ceramic plate was experimentally determined."s The
experiment data are also presented in the figure which is
consistent with the theoretical results. The result here is quite
different from the real part of the elastic constant of a 1-2
composite which always lies in between the two end phases
This is also in contrary to the common belief that the low

TABLE L. Material parameters for the PZT-5H and Spurr epoxy used in the model calculation.

Ceramic: ¢£,=12.72 10'°(1.0+ j8.0X 10~3) Nim®. ¢&,=11.74% 10°(1.0+j8.0% 107%) N/m?,
¢5,=7.95x10"(1.0- j6.5% 10-3) Nim?, c5;=8.47X10'%(1.0+j6.5% 107%) N/m®,
cE=23x109(1.0+j1.2X107%) I:l/m:: €, =170066(1.0—j2.7X 107%), €;=1470€g(1.0—-j2.7% 1073,
€33=23.09(1.0- j5.4%107%) C/m?, e15= 17.0( 1.0—j5.0% 10~%) C/m?,

ey =—6.6(10-j7.24107%) Cim?, pf=7500 kg/m’.

Polymer: ¢/, =541 10° N/m?, cf,=1.307% 10° Nim®. 7,,=20.74 N/m®s. 7.=11.0N/m*s:

" =30¢,, p7=1100kgm’.
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=IG. 5. Influence of elastic loss of polymer on the quality factor of a 1-3
% ~-acomposite as a function of ceramic volume fraction. where QF for
+... curve (from top to botom) is 2220, 222, 111, 22.2. and 11.1. respec-
ively. The losses for the ceramic phase is from depoled PZT-5H which
siezoelectric coefficients are zero.

nechanical Q in a 1-3 composite is a result of the loss in the
solymer phase. In fact. in the composite evaluated. the me-
shanical Q of the polymer phase (Spurr epoxy) is much
aigher than that of the piezoceramic, while the Q of the 1-3
:n—nosite is lower than that of the pizeoceramic. The similar
sorviusion can also be obtained from the quasi-static model,
which is presented in Fig. 4, where the quality factor is equal
0 1han & of T2 (the effective elastic constant of the compos-
ite at the constant electric displacement D).

To examine whether the observed effect is due to the
siezoelectric coupling. the quality factor for a 1-3 composite
without piezoelectricity is also derived and the results are
presented in Fig. 5 where the parameters are taken from
Spurr epoxy and unpoled PZT-5H ceramic (no piezoelectric
2fr..:; and the mechanical Q of the ceramic is about 200.
Apparently, the quality factor here is still less than that of
both ceramic and polymer when the Q of the polymer phase
is larger than that of the ceramic. On the other hand, when
the Q of the polymer phase becomes smaller than that of the
ceramic, the quality factor of the composite lies between that
of the polymer and ceramic.

To elucidate how different losses of the ceramic phase in

a composite influence the quality factor of the composite -

transéuczr, calculation is carried out for model composites
with difierent losses in the ceramic. Presented in Fig. 6 are
the results for a 1-3 piezoceramic composite in which the
piezoceramic has dielectric loss only (no piezoelecwric and
elastic losses) and piezoelectric loss only (the dielectric and
elastic Josses are assumed to be zero). In both cases, the
trend of quality factor with the ceramic volume fraction is
quite similar to those in the pure elastic case as shown in Fig.
3. Apparently, through the piezoelectric coupling in the ma-
terial. bt the piezoelectric and dielectric losses reduces the
mechanicai Q of a 1-3 composite. It should be pointed out

in general, a piezoelectric loss may not imply a real
energy loss. Although for the materials examined here, the
Piezoelectric Joss reduces the mechanical Q of the thickness
Tesonance mode, it can also be an energy gain in other cases
Which means an increase in the mechanical Q. as has been
Pointed out by Holland.*!

3
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FIG. 6. Contribution of dielectric loss (no elastic and piezoelectric losses)
and piezoelectric loss (no dielectric and elastic loss) of piezoceramic to the
quality factor of a 1-3 piezocomposite as 2 function of ceramic volume
fraction, where the tan & of dielectric constant is 2% and the tan J of the
piezoelectric coefficient e;; is 2%. The curves are evaluated at d/s=0.063
and Q. = 2220 for polymer.

Presented in Fig. 7(a) are the results when all the losses
in a 1-3 composite are included (data in Table I), where the
different polymer loss can be corresponding to different
thickness resonance frequency. Since the elasdc loss in a
polymer increases linearly with frequency, different level of
polymer loss may be obtained by using composite samples’
with different thickness mode resonance frequencies. It can

T -
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FIG. 7. (a) Quality factor of a 13 piezocomposite with both the elastic loss

of the polymer and the elastic, dielectric, and piezoelectric losses of the
piczoceramic, where the quality factor Q% (polymer) for each curve (from
the top to the bortom) is 2220, 222, 111, 44.4, 22.2. and 11.1, respectively.
(b) Quality factor of a 1-3 composite with 40% ceramic content as a func-
tion of frequency when the loss is from the polymer only (dashed line) and
when all the losses are included (solid line).
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FIG. 8. (2) Comparison of the phase delay berween the strain and stess in
polymer as a single phase material (dashed line) and in composite (solid
Ene). (b) Comparison of the phase delay between the strain and stress in
ceramic as 2 single phase material (dashed line) and in composite (solid
line). Apparently, by compositing. the phase delay in the polymer is reduced
while in the ceramic. it is increased. The ceramic volume content is 10%.

be seen that at high ceramic volume content (for example.
>40%), the polymer loss does not have a significant effect
on the qualiry factor of 2 composite transducer. For exampie.
as the mechanical O of the polymer is reduced from more
than 2000 down to about 10, the O of the composite changes
only from about 63 to 47 for a composite of 40% ceramic
volume content. On the other hand, the losses in the ceramic
phase seem to play more important role in determining the
mechanical Q of the composite. To illustrate that, in Fig.
7(b), the Q for a composite with losses from the polymer
phase only, i.e., there is no loss in the piezoceramic, and for
a composite with all the losses included is plotted as a func-
tion of frequency, where the ceramic volume content is 40%
and the quality factor of the ceramic (PZT-5H) is 75. Since

the quality factor is defined as the ratio of stored mechanical

energy vs. mechanical energy loss in one cycle and as seen
from Table 1. the elastic constants of the ceramic are more
than ten times higher than those of the polymer, only when
the loss in the polymer becomes much higher than that of the
ceramic, will it have significant effect on the quality factor of
a piezocomposite, 2s shown in Fig. 7(b).

The acoustic coupling between the ceramic and polymer
in a composite changes the phase relationship between the
stress and strain in both phases. Shown in Figs. 8 and 9 are
the phase angle & between the stress (T..) and strain (S_.)
along the z direction at the polymer center (r= r») and ce-
ramic rod center (r=0) as a function of QP/Q°, the ratio of
the mechanical Q in the two phases. Two compositions are
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FIG. 9. (a) Comparison of the phase delay between the strain and stress in
polymer as a single phase material (dashed line) and in composite tsolid
line). (b) Comparison of the phase delay between the strain and stress in
ceramic as a single phase material (dashed line) and in composite {solid
line). The ceramic volume content is 40%.

examined, one with the ceramic content at 10% (Fig. 8) and
the other at 40% (Fig. 9). In the figures, the dashed lines are
the &in the single phase material and the solid lines are the
&in the composites. Apparently, for the polymer phase. the 5
is reduced when the polymer is in the composite while for
the ceramic, it is increased in the composite. Further more.
the reduction in & in the polymer increases with ceramic
volume content of the composite. and as shown in Fig. 10.
for composites with ceramic volume fraction higher. than
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FIG. 10. Change of the phase delay & in the center of the polymer regi¢
and the center of the ceramic region of a composite as a function of ¥
ceramic volume content. The polymer has a Q=2220 and the calculation

carried out at d/7=0.063. The corresponding quality factor of the composi
is also included in the figure.
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FIG. 11. (a)Experimental dispersion curves of a 40% -3 composite with a
square unit cell. (b) Comparison between 2d,,f,» (open circles. experimental
data) and the shear wave velocity V, of the polymer (solid line) for 1-3
composites with square unit cell with different ceramic volume fraction.

45%, the phase delay in the polymer even becomes positive.
Henco rhe large increase in the &in the ceramic phase of the
con:; .2 is the main reason causing the drop in the quality
factor of composites since. as pointed out. the high elastic
constants in the ceramic phase implies that in most cases, the
loss in the ceramic region plays a dominant role in control-
ling the mechanical Q of the thickness mode of a composite.

Vi. DISPERSION CURVES AND THE LATERAL
MODES IN 1-3 COMPOSITES

In <:signing 1-3 composites, the frequency of lateral
modes with respect to the thickness mode is often a concern.
In this section, the experimental results on the lateral modes
from piezocomposites as schematically shown in Fig. 1(a)
will be presented which reveal several relations berween the
fl’e&:{uency of these modes and the gap width and shear ve-
locity of the polymer matrix.

_ Presented in Fig. 11(a) are the first three branches of the
dispersion curves for a 1-3 composite with 40% ceramic vol-
ume fract: -: :thickness ¢ from 0.6 to 8 mm and the polymer
83p width ¢ ,=0.36 mm). At small 7/¢ limit, the first branch
::,"“POnds to the thickness resonance and the second and
m:"d branches are the two lateral modes f,; and f,,. respec-

ely. It was found that at small #/t, the frequency of the

S‘:.c""d lateral mode f,- can be related to the polymer gap
idth g, through

X. Geng and Q. M. Zhang 1349

Ceramic Rod

[7
\%

FIG. 12. Schematic of the lareral resonance modes in a 1-3 composite with
square unit cell. f,,=V/2d, and f,;=V,/(2v2d,).

(14)

where V, is the shear velocity of the polvmer phase. The
result indicates that the second lateral mode can be viewed as
a half-wave resonance in the polymer gap as depicted in Fig.
12. In addition. the frequency f,, (the first lateral mode) can
be related to f,,.

frl=f:2/\2

a relation which has been kncwn previousl}'.r This result
suggests that the first lateral mode may correspond to a half-
wave resonance across the diagonal direction as shown in
Fig. 12. The interpretation here provides a much simpler and
reasonable understanding on the nature of the lateral modes
in a 1-3 composite and is consistent with the surface vibra-
tion profiles obtained from a laser probe reported in Refs. 17
and 23. As shown in Fig. 11(b), Eq. (14 is valid for 1-3
piezocomposites over a broad composition range as exam-
ined.

The results suggest that the lateral mode frequencies for -
1-3 composites investigated here are determined mainly by
the parameters of the polymer matrix: the shear wave veloc-
ity and the gap width. This is analogous to the behavior
observed in 2-2 composites.!' In addition. experiment was
also conducted and result shows that f,» in Fig. 11(a) is
nearly the same as the frequency of the first lateral mode in a
2-2 composite made with the same polymer and gap width
(2-2 composite with 63% ceramic volume fraction). Hence,
in analogy to 2-2 composites, because the elastic stiffness of
the piezoceramic is much higher than that of the polymer, the
ceramic can be viewed approximately as having stress free
boundary condition and the polymer having fixed boundary
condition (both u; and u, are zero at the interface). As has
been demonstrated in our earlier paper.“ this leads to the
result that there are lateral resonance modes in a composite
whose frequencies are determined mainly by the polymer
gap properties.

Vil. SUMMARY

A dynamic model is derived for the analysis of the ul-
trasonic performance of 1-3 piezocomposites. To simplify
the mathematics, 1-3 composites with the concentric unit cell
was treated in the model which should closely resemble the
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unit cell of a 1-3 composite with ceramic rods arranged in a
hexagonal lattice. It is shown that the model can describe the
thickness resonance of 1-3 composites quite well in the fre-
quency range away from the mode coupling region. In addi-
tion. the lateral mode frequencies are examined experimen-
tally and the data reveal that for 1-3 piezocomposites
investigated (the elastic stiffness of the ceramic is much
higher than that of polymer), the lateral mode frequencies are
determined mainly by the polymer gap width and shear ve-
locity. The result provides a useful guideline for the design
of 1-3 composite transducers and is also important for the
future development of theoretical models regarding the be-
havior of lateral modes in a 1-3 composite.

In the article, special attention is also paid to the losses
in a 1-3 composite and it is found that the quality factor of
the thickness mode for a composite is largely determined by
the mechanical Q of the ceramic and its coupling to the poly-
mer phase, which seem to be in contrary to the common
belief that the low Q in a composite is due to the loss in the
polymer. Even for a composite with the mechanical Q of the
polymer larger than that of the ceramic, the quality factor (or
mechanical Q) of the composite is lower than both constw-
ents. It is found that the phase delay between the strain S..
and swess T.. in the ceramic increases significanty in the
composite compared with the single ceramic material. which
is the main reason for the reduction of the quality factor Q in
a composite. On the other hand. the coupling with the ce-
ramic phase reduces the phase delay between the swain S..
and suess 7. in the polymer when compared with that in the
single phase polymer. Due to the piezoelectric coupling, both
the dielectric and piezoelectric losses affect the quality factor
of a piezocomposite.
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ABSTRACT

Broadband transducers find uses in many
applications. One approach to increasing the bandwidth
of a flexural transducer is to add damping to the device,
usually decreasing its
approach, useful in some applications, involves active
tuning of the natural frequency of a high-sensitivity
narrowband device. In this research, membrane loads
were used to alter the natural frequencies and
electromechanical coupling coefficients of three-layer
(trilaminar) piezoelectric ceramic transducers. A
coupling coefficient is a measure of the effectiveness
with which a piezoelectric material or device converts
electrical energy to mechanical energy or vice versa
Applying in-plane loads increased the effectiveness of
the transducers by increasing their operating frequency
range, while maintaining high coupling coefficients.

Two types of trilaminar flexural transducers
were studied: beams and disks. The measured electrical
impedance of individual devices was used to determine
short and open circuit nawral frequencies. and then
coupling coefficients. In addition. finite element
models were developed and used to predict the same
quantities.  Rotational springs were used in these
models to account for non-ideal experimental boundary
conditions. while reduction of the piezoelectric material
coupling accounted for loss of performance due to stress
depoling and aging. Good agreement between
experimental data and theory was obtained.

Significant changes in natural frequencies, as
well as increases in coupling coefficients were obtained
for both beam and disk transducers. Experiments with
the trilaminar beams yielded a 36% change in
frequency, with an accompanying 38% increase in
coupling coefficient.  Experiments with the disks
yielded a change in frequency of 13%, and an increase in
coupling of 15%. These results demonstrated the
feasibility of using membrane loads to improve the
frequency agility of flexural piezo transducers.

" Dynamics Engineer, Member.

" Assoc. Professor, Aerospace Eng'g., Assoc. Fellow.
Copyright © 1999 by G.A. Lesieutre. Published by
the American Institute of Aeronautics and Astronautics,
Inc. with permission.

sensitivity. An alternative

INTRODUCTION

Piezoelectric transducers are electro-mechanical
devices that convert electrical energy to mechanical
energy or vice versa, and often operate over wide
frequency ranges. Acoustic transducers of this type are
usually tuned to a nominal design frequency.
Designing these devices to span a larger range of
frequencies while maintaining high sensitivity would
greatly increase their utility.

Of particular relevance is the design and use of
low frequency transducers. Several kinds of physical
configurations have been used for low frequency
transducers, including electromagnetic moving coils,
flextensionals (Butler er a/., 1997) and flexural disks.
One type of flexural transducer is the beam bimorph, in
which the small nominal displacements of piezoelectric
materials are greatly amplified by the bending motion of
a beam. Such transducers have applications as sensors
and actuators for motion and flow control. Another
type of piezoelectric transducer is the flexural disk, with
applications in the low frequency to ultrasonic ranges.
As shown in Figure 1, examples of this type include
sound generating buzzers and piezoelectric pumps
(Waanders, 1991). The basic construction of a
piezoelectric flexural disk involves two piezoceramic
disks, each bonded to one side of a metal disk.
Application of an electric field induces expansion on
one side and contraction on the other, resulting in
bending of the device.

" vending ¢ 1 [i |
HH aaumri i

@

Figure 1: Sound Buzzer () and Pump (b) Applications

(b)

Several performance measures are important in
the design of piezoelectric devices, including coupling
coefficient, quality factor and bandwidth (Hughes,

1
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1998). The device coupling coefficient atfects the
amount of electrical energy converted to mechanical or
vice versa. An increase in coupling coefficient means.
for example, that a sensor converts more of the energy
in an imposed mechanical signal to electrical energy.
The quality factor is related to the sensitivity of the
device to harmonic signals at frequencies near its
resonance frequency. With a high quality factor. a
small input produces a large output. Bandwidth is the
frequency range in which the sensitivity exceeds a
nominal value, usually the half-peak power level near
resonance. A common approach to increasing device
bandwidth involves increasing damping, however, this
decreases device sensitivity. Other issues include size,
weight and cost.

The transducers discussed in the preceding are
typically designed to operate over a specific frequency
range and are usually not tunable. A tunable
"frequency-agile" transducer could maintain high
sensitivity at discrete frequencies over a broad design
range, instead of low broadband sensitivity associated
with a fixed design frequency.  Such increased
performance could perhaps reduce the amount of active
material used in a device, thus decreasing its size,
weight and cost.

Lesieutre and Davis (1997) recently
investigated the use of membrane loads to alter the
natural frequencies and coupling coefficients of
trilaminar piezoceramic beams. The basic principle
involves increasing or decreasing the lateral stiffness of a
device using a tensile or compressive in-plane load.
with resulting effects on device natural frequency and
coupling coefficient. The work described herein verifies
and extends their work, addressing trilaminar disks in
addition to beams. In addition. improved models are
presented, along with detailed consideration of
experimental boundary conditions. stress depoling and
aging of the piezoceramic material. Experiments and
analytical results showed good agreement. The
application of a compressive in-plane load to each type
of device decreased its natural frequency and increased
its coupling coefficient. .

MEASUREMENT OF DYNAMIC
CHARACTERISTICS

Piezoelectric devices behave - electrically as
capacitors. Furthermore, the electrical impedance of a
device can be used to effectively characterize device
" dynamic behavior. The impedance (Z) of an electrical
element, defined in Equation 1, is a complex,
frequency-dependent quantity relating voltage and
current (Cogdell, 1990). Figure 2 shows the magnitude
of the electrical impedance of a typical piezoelectric
flexural device.

V(iiw)

Z(ilw)=——

1
I(iw) M

2

Pole (Open Circust)

impedance (V/I)

Zero(Shart Circwt)

Frequency (Hz)
Figure 2: Impedance Magnitude vs. Frequency

The "zero" and "pole” in Figure 2 correspond
to the natural frequencies of the device under short- and
open-circuit conditions. respectively. A short-circuit
condition corresponds to zero voltage across an
electrical element and, from Equation !, minimum
impedance. An open-circuit condition corresponds to
zero current and maximum impedance. (Johnson er al.
1992). The short- and open-circuit natural frequencies
can be used to determine effective device coupling
coefficients.

An HP 3563A Control Systems Analyzer was
used to measure the electrical impedance of various
devices. The analyzer produced a driving voltage (Vs),
while an op-amp circuit on a breadboard was used to
convert the current signal to a voltage (V,(1)) (Davis and
Lesieutre. 1998). The analyzer determined the
impedance based on the two voltage signals.

TRILAMINAR PIEZOCERAMIC BEAM
Modeling

A mathematical model of a trilaminar
piezoceramic beam was developed for use in prediction
of the behavior of the device under in-plane loads.
Figure 3 shows such a beam. The main steps in the
analysis were the use of an extended Hamilton's
Principle to develop the differential equations and
boundary conditions governing its lateral motion. This
required the development and use of expressions for the
kinetic and potential energies of the device. The effects
of shear in the bond layer were considered and found to
be negligible. Next, a beam finite element (Weaver and
Johnston, 1984) was used to develop a discretized
model of the device. The thesis by Hébert (1998)
contains additional details of the analysis.

P P
L ———
Figure 3: Trilaminar Beam with In-Plane Load

An eigenvalue problem for the natural
frequencies and mode shapes of the device was then
formulated, as shown in Equation 2. In Equation 2,
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[M] is the mass matrix associated with the kinetic
energy of the trilaminar beam, [K] is the stiffness matrix
associated with the strain energy, and [Kg] is the
geometric stiffness matrix associated with the in-plane
load P.

[(KI-[Ks(PY) -0 M]{a} = {0} @
This eigenvalue problem may be solved for the
modal frequencies, @, of the device, under either short-
or open-circuit conditions. For the short-circuit
condition. the stiffness matrix is formed using the short-
circuit elastic modulus of the piezoceramic material
given by the manufacturer. For the open circuit
condition, an open circuit modulus, Eq¢, was calculated
using Equation 3 (Crawley et al., 1988), and used for
that part of the device stiffness that can be affected by
electrical boundary conditions. The 3-1 coupling
coefficient of the piezoceramic material, k3, governs
electro-mechanical energy conversion in this device.

ESC

1-k2

The effects of the in-piane load on device
natural frequency and coupling coefficient were described
in terms of a non-dimensional buckling load, namely
the ratio of the load to that required to produce buckling
of the beam under short circuit conditions. The critical
buckling load, P., may be determined from the

solution of another eigenvalue problem, as shown in
Equation 4.

[(K1- P, [KcW]}{a} = {0}

Experiments

oc

€)

@

The piezoceramic beams consisted of a top
layer of piezoceramic, a middle layer of metal, and a
bottom layer of piezoceramic. The piezoceramic used
was APC 855 (American Piezo Ceramics Intemnational
Ltd., 1997), and the metal was brass. Table 1
summarizes the pertinent geometric and material
properties. The beam length was allowed to vary
during the analysis to determine the effects of
piezoceramic coverage. The exposed length of the brass
beam on each side of the piezoceramic was kept
consistent.

Table 1: Trilaminar Beam Geometric and Material Properties

APC 855 Brass
| Width (b) 0.0127 m 0.0127 m
Thickness (h) 5.08E4 m 4.19E-4m
. 6.35E-4 m
Length (D 0.0635 m Variable
Modulus (E.) 67.57E9 N/m” 105E9 N/m*
Density (D) 7500 ke/m’__| 8470 ke/m’_|
Coupling 0.39
Factor (k)

3

A method of supporting the beam while
applying the in-plane load was devised by (Lesieutre
and Davis. 1997). The ends of the brass beam were
clamped between two aluminum supports and the
screws tightened to prevent motion. A vise was then
used to apply in-piane loads to the supports. The non-
dimensional load ratio (P/P,) was estimated from
experimentally determined changes in short circuit
natural frequency, as shown in Equation 5 (Lesieutre
and Davis, 1997). In this equation. f, is the natural

frequency under the no-load condition.
b

._Pi.. =1]- (_f.}._] )
R:r sz

The coupling coefficient (k) of the trilaminar
piezoceramic beam at a given load was estimated from
the short- and open-circuit natural frequencies (f and fp),
as shown in Equation 6 (Lesieutrse and Davis, 1997).
The larger the separation between these two frequencies,
the greater the device coupling coefficient.

fa-f

k2 = e
L34 f2

P

A priori predictions did not agree well with
experimental results: natural frequencies and coupling
coefficients were too high. There were two primary
reasons for this: non-ideal boundary conditions, and
partial stress-depoling of the piezoceramic material
under load.

In practice. the mechanical boundary
conditions were softer than the classical clamped
condition, but stiffer than simply-supported. Springs
having finite rotational stiffness were added to the FEM
model at the ends of the trilaminar beam, improving the
agreement between predictions and experimental results
for nawural frequencies.

Measured coupling coefficients were initially
lower than predicted, no matter what boundary
conditions were assumed.  Furthermore. for one
specimen. coupling coefficients were observed to
decrease in subsequent tests. A possibie reason for such
degradation was aging of the piezoelectric material.
According to MIL-STD-1376. these piezoceramics
degrade at a rate of about 2.5% per decade. Even with
this correction, however. the predicted coupling

©)

coefficients were still significantly higher than
measured.
Another possible explanation was stress

depoling. Zhang et al. (1997) recently reported that
PZT-5H, a piezoceramic material similar to APC 855,
was found to be unsuitable for high stress applications
due to its lack of dipole stability. Under compressive
uniaxial stress (T,) greater than 50 MPa, there was a
significant and permanent loss of performance. The
major variable affected was the transverse
electromechanical coupling factor (ki1). Zhang et al.
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(1997) reported a decrease in ks, from a value of 0.39 to
0.28 after partial stress depolarization had occurred.

Experiments on two trilaminar piezoceramic
beams verified this behavior. One beam used APC 855
and the other used APC 850. These materials are
similar to the PZT-5H and PZT-5A studied by Zhang
et al. (1997). Figure 4 shows the effects of increasing
_compressive load for the trilaminar beam using APC
855. Increasing compressive stress in the piezoceramic
on first loading significantly decreased device coupling
coefficients relative to FEM predictions. Upon
unloading, a permanent loss of performance was found.
The results for APC 851 were similar, with a smaller
reduction in coupling coefficient. Incorporating stress
depoling and aging effects in the model greatly
improved the agreement of predictions with
experimental resuts.

o Ksy oy

0z
€ 028 }
F05 4 —xmeem

Figure 4: Effect of Initial Compressive Loading on Coupling
Coefficient -APC 85§

In practice, one way to avoid stress depoling
problems is to scale the device dimensions so that the
stresses needed to approach a significant fraction of the
buckling load are well below those at which stress
depoling occurs. Another is the use of a piezoceramic
material that is less susceptible to depoling.

Resulits

Figure 5 shows results for the dependence of
the fundamental natural frequency of the trilaminar beam
on load: the results verify the trends presented by
Lesieutre and Davis (1997). Both open and short
circuit frequencies decreased with increasing in-plane
load, in good agreement with predictions of the
modified finite element model. As shown in Figure 6,
the device coupling coefficient increased with increasing
in-plane load, in decent agreement with predictions.
The maximum beam load ratio, P/P;, was 0.59, which
decreased the frequency by 36% and increased the
coupling coefficient by 38%.

TRILAMINAR AXISYMMETRIC
PIEZOCERAMIC DISK

The second type of device addressed was a
trilaminar  axisymmetric piezoceramic  disk, as

illustrated in Figure 7. The planar coupling coefficient
of the piezoceramic material. k,, govemns electro-
mechanical energy conversion in this device. A finite
element model was developed. and predicted changes in
the natural frequencies and coupling coefficients due to
in-plane loads were compared to those measured in
experiments. Some of the practical challenges of
implementing this concept were also explored.

600
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- I Fac(FEM
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Figure 5: Frequency vs. P/P,,
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Figure 6: K. vs. P/P,,
Modeling

A fully-coupled electromechanical finite
element model of a trilaminar axisymmetric
piezoceramic disk was developed and used to predict
device behavior under yniform in-plane loads. Figure 8
shows the coordinate system and dimensions used in
this analysis.

Figure 7: Trilaminar Axisymmetric Piezoceramic Disk

Equation 7 shows a condensed matrix version
of one form of the constitutive equations for a linear
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piezoelectric material (IEEE. 1988). In these equations
T is the stress vector and S is the strain vector. while D
is the electric displacement vector and E is the elecmc
field vector. Stress and strain are refated through c*. the
elastic coefficients at constant electric field. Electric
displacement and electric field are related through £°,
the permittivities at constant strain. The parameters
that couple the electro-mechanical properties of the

material are e, the piezoelectric stress constants.
3
2
 ———]

v e TS
32

Side View

Top View

Figure 8: Coordinate System and Dimensions for Trilaminar Disk

T cE -t |(S
D e & I|lE
The strain, dielectric and kinetic energies of
the device were developed in terms of derivatives of the
displacement field, using the piezoelectric constitutive
equations. Equations 8a and 8b show general and
specific forms of the strain energy expression. In
Equation 8, Y is the Young's modulus of the metal
disk. ¥, is the short-circuit planar Young's moduius of
the piezoceramic, # and h, are the respective
thicknesses. and the Poisson's ratios, V, are assumed to
be the same. Equations 9a and 9b correspond to the
dielectric energy. Equation 10 gives the kinetic energy
of the device, while Equation 11 shows the virtual work
associated with the in-plane load. V.

T=4 [[] p(z( ) zrdrdd  (10)

volume

M

geomemc =% H (‘—j rdrd8 (11)

area
Based on an elastic annular finite element
(Weaver and Johnston. 1984) and the energies
determined in the preceding, the following set of
coupled equations were formulated. Note that the
voltage across the piezoelectric elements is a scalar
quantity. Again, the thesis by Hébert (1998) contains

additional details of the model.

[MI{d} +[KKq} - [P]E; = {f}

[P]{q}+CE; =0
The mass matrix [M] includes contributions to
the kinetic energy from the brass and piezoceramic
disks. The stiffness matrix [K] includes contributions
to the strain energy from the brass and piezoceramic
disks, as well as the geometric stiffness related to the
in-plane load. The capacitance matrix {C] describes
contributions to dielectric energy from the piezoelectric
material. The piezoelectric coupling [p] matrix couples
the transverse displacement and electric field. For this
analysis, the mechanical force vector {f} was taken to be
zero.

(12)

To model short-circuit conditions, {E} was set
to zero in the first equation of Equation 12. To model
open-circuit conditions, {Q} was set to zero in the
second equation of Equation 12. which was then soived
for {E} in terms of {q}, and substituted into the first
equation. This led to an increase in stiffness as shown
in Equation 13. In both the short- ‘and open-circuit
cases, an eigenvalue problem for natural frequencies was
developed from the first equation. '

[aK]=[PYCT'[PY (13)
As in the case of the beam. rotational springs

were incorporated into the disk FEM model to adjust
the boundary conditions, along with considerations for

Usirain = % [[[ (S, + ToSo + T,65,¢) dz rdrde (82)
vol
A S )| {2 -2yl FnY
[12(1—v2)+12(1 V)’ (64" + 125k, + 8k )I o) T T | (8b)
1
ain = % J’ rdrd@
area Y a av
0{(1 )h E;d,l(h+hp)(v+l)}( “’+%ar)
L J
Udielectric = %J]I(Q&i)dz rdrdf (%)

vol
1 YRy
2l

area

Udielectric =

Y
hogan —4—2P g2 |E? - L

h 92w 1 ow
5)(h+hp)d31( - &]E3]rdrde (%)
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the loss of performance of the piezoceramic material due
to stress depoling and aging.

Table 2 summarizes the geometric and
material properties for the disks considered.  The
thickness and radius of the brass disk were determined
to optimize the zero load coupling coefficient (Hébert.
1998). A typical critical load for the disk specimens
tested was 7.56E4 N/m

Table 2: Trilaminar Axisymmetric Disk Geometric and Material

Properties

APC 851 Brass
Radius (a) 0.0254 m 0.0267

0.03175 m 0.03342
Thickness (h) 3.81E4m 4.064E-4 m

6.35E-4m

Modulus (Y) 65.79E9 N/m* | 105E9 N/m’
Density (D) 7700 ke/m’ | 8470 ke/m’
Poisson’s’ Ratio 0.3 0.34
Piezo Coeff. (d;1) -185E-12 m/V
Permitivity (€'3) 1.948E-8 F/m

Figure 9 shows the predicted effects of in-plane
loads on the short and open circuit natural frequencies.
Clearly, the ability to apply both compressive and
tensile loads would substantially increase the device
frequency range.
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Figure 9: Disk Natural Frequency vs. In-plane Load

Figure 10 shows the predicted effect of in-plane
load on device coupling coefficient. In principle,
compressive loads can increase the coupling coefficient
to a maximum value of 1.0 at the buckling load, while
tensile loads decrease it. However, a tensile load may
be useful for applications in which a large change in
frequency is needed and a relatively small decrease in
coupling coefficient can be tolerated.
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Figure 10: Coupling Coefficient vs. In-plane Load

Experiments

Many tests addressed methods of load and
boundary condition application, as detailed in (Hébert,
1998). The final configuration used for the trilaminar
piezoceramic disk, shown in Figure 11, was a
segmented ring with a notch on the inner edge, in
conjunction with a circular clamp to provide the
compressive in-plane load.

Figure 11: Experimental Configuration for Trilaminar Disk

Figure 12 shows the effects of compressive in-
plane loads on electrical impedance. As compressive
in-plane loads increased, frequencies decreased and
coupling coefficients increased.

Results

The experimental results that follow
correspond to two different disk radii.  All of the
devices used piezoceramic disks 3.81E-4 m thick, and a
ratio of piezoceramic radius to brass radius (a;/a) equal
t0 0.95. The first device tested had a piezoceramic disk
radius of 0.0254 m and a brass thickness of 4.064E-4
m. Figure 13 shows the change in frequencies with
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increasing compressive in-plane load. while Figure 14
shows the change in device coupling coetficients. An
N/N. ratio of 0.23 resulted in a 13% change in
frequency, and a 15% increase in device coupling
coefficient.

N/Ner =21

Impedance (dB)
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Figure 12: Effect of N/N,, on Electrical Impedance
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The second device size had a piezoceramic
disk radius of 0.03175 m and a brass thickness o
4.064E-4 m. The larger radius decreased the critical
buckling load of the device to about 4.834E4 N/m.
Figure I5 shows the changes in open and short circuit
frequencies, while Figure 16 shows the changes in
device coupling coefficient. An N/N. ratio of 0.22
resulted in an 12% frequency change, and an increase in
coupling coefficient of 15%.
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SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

Piezoelectric transducers commonly operate
over a fixed frequency range. Adding damping
improves the bandwidth of such devices, but decreases
their sensitivity. A frequency-agile transducer could be
tuned to different frequencies to maintain high electro-
mechanical energy conversion, instead of being locked
into a fixed design frequency. Membrane loads were
shown to change the natural frequency and coupling
coefficients of trilaminar piezoceramic transducers.

The effects of compressive in-plane loads on
the natural frequencies and coupling coefficients of
trilaminar beams were investigated. Corrections to the
FEM model related to boundary conditions and stress
depoling significantly increased the accuracy of
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predictions. Loads of 59% of the buckling load were
successtully applied. corresponding to a frequency
decrease of 36%, and a coupling coefficient increase of
38%.

Radial in-plane loads applied to trilaminar
disks also changed their dynamic behavior significantly.
Loads of 23% of the buckling load were applied
successfully, corresponding to a frequency decrease of
13% and coupling coefficient increase of 15%.

In addition to increasing sensitivity, this
approach could be used to reduce the size of low
frequency flexural transducers. The radius of the device
is proportional to the square root of the nawral
frequency. To decrease the frequency of the device, a
larger radius is usually dictated. However, as shown in
this work, compressive loads applied to a device can
also reduce its natural frequency. Therefore, it might be
possible to reduce size of a device while maintaining
the lower frequency characteristic of a larger device. For
example, a 25% reduction in natural frequency due to
compressive loads, results in a device that could have a
15% smaller radius. This could decrease the size,
weight, and cost of some piezoelectric transducers.

Many issues remain to be addressed. More
effective ways to apply in-plane loads to disks are
needed. This may involve new methods of applying
the load, or a new transducer geometry, such as
rectangular or hexagonal plates. Active control using
piezoceramic or hydraulic load application devices
could also improve device effectiveness. The
dimensions of a real device would be sized so that the
stresses at the buckling load were fow relative to the
depoling stress. ‘

In-plane loads are capable of significantly
changing the natural frequency and coupling coefficients
of wrilaminar devices. The use of such frequency-agile
wransducers may enable berter performance in many
applications.
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ABSTRACT

A tunable solid state piezoelectric vibration absorber and an active tuning method were developed and demonstrated. A passive
vibration absorber generally acts to minimize structural vibration at a specific frequency associated with either a tonal
disturbance or the response of a lightly damped structural vibration mode. Because this frequency is rarely stationary in real
applications, damping is usually added to ensure some level of effectiveness over a range of frequencies. Maximum response
reductions. however. are achieved only if the absorber is lightly damped and accurately tuned to the frequency of concern.
Thus. an actively-tuned vibration absorber should perform better than a passive one and. furthermore. could be made lighter.
In its simplest form, a vibration absorber consists of a spring-mass combination. A key feature of the tunable vibration
absorber described herein is the use of piezoelectric ceramic elements as part of the device stiffness. The effective stiffnesses
‘of these elements was adjusted electrically. using a passive capacitive shunt circuit. to tune the resonance frequency of the
device. The tuning range of the absorber is thus bounded by its short-circuit and open-circuit resonance frequencies. An
alternative tuning approach might employ resistive shunting. but this would introduce undesirable damping. Another feature
of the device is the ability to use the piezoelectric elements as sensors. A control scheme was developed to estimate the
desired tuning frequency trom the sensor signals. to determine the appropriate shunt capacitance. and then to provide it. The
shunt circuit itself was implemented in ten discrete steps over the tuning range, using a relay-driven parallel capacitor ladder
circuit. Expenimentali results showed a maximum 20 dB. and a 10 dB average improvement in vibration reduction across the
tuning range. as compared to a pure passive absorber tuned to the center frequency, with additional benefit extending beyond
the tuning range.

Keywords: passive vibration absorber. semi-active tuning, piezoelectric ceramic. capacitive shunting

1. INTRODUCTION

Vibration is an important aspect of many engineering systems. from machine tools to structure-borne noise in aircraft'. In
most cases. such vibration is undesirablie and requires attenuation. Attenuation techniques range in complexity from relatively
simple narrow-band passive elastomeric vibration absorbers to fully active broad-band vibration control systems.

Passive attenuation methods represent an important class of approaches to the control unwanted structural vibrations™. One
particular method of passive vibration suppression involves the use of passive vibration absorbers (PVAs). Passive vibration
absorbers are conceptually simple devices consisting of a mass attached to a structure via a spring or via a parallel spring-
damper combination. PVAs are commonly constructed of an elastomeric material sandwiched between the structure and an
inertial (or proof) mass. The primary function of these devices is to increase the effective dynamic stiffness of a structure over
a relatively narrow frequency band. Increasing the dynamic stiffness of a structure reduces its dynamic displacement (assuming
the forcing level remains constant). In practice. PVAs are typically used to minimize vibration at a specific frequency
associated with either a lightly damped structural mode or a tonal disturbance. The advantages of using vibration absorbers are
low cost. low weight. and ease of attachment. The fact that a PVA may only be used effectively at a single frequency,
however, can sometimes be a significant drawback.

Further author information:
G.A.L. (correspondence): Email: g-lesieutre@psu.edu: Telephone: 814-863-0103. Associate Professor.
C.L.D.: Email: christopher.l.davis@boeing.com: Telephone: 253-773-2036. Research Engineer.



While a common use of PVAs is to reduce vibration in tall buildings or towers’, they have also been successfully used in the
aviation industry for some time. For example. the DC-9 for many vears used a set of four PVAs attached to each engine
pylon® to reduce aft cabin noise associated with the operating spool frequency of the engines. Similarly. both the Fokker F27
and the Saab 340° aircraft use PVAs attached directly to the fuselage frame to lower interior cabin noise levels.

In these applications. the absorbers provide considerable vibration attenuation at specific frequencies. Performance can be
seriously degraded. however. if the disturbance source changes frequency. If this occurs. the PVA must be physically re-tuned
to maintain optimal performance. Physically re-tuning the absorber is generally impractical. Thus. there is a need for
vibration absorbers with tunable variable properties.

Active vibration absorbers (AVAs) are passive vibration absorbers with variable stiffness. mass. or damping properties. The
advantage of using an AVA over a PVA is the tunability of the resonance frequency of the device. AVAs are commonly used
to track frequency-varying disturbances or to increase the bandwidth of a vibration attenuation method. Recently, Northwest
Airlines initiated plans to upgrade 173 of its DC-9s with active tuned mass absorbers built by Barry Controls™”. Due to the
increased weight and complexity of using AVAs. however. they have not generally found widespread use.

The goal of this research was to extend AVA technology by developing a tunable piezoceramic vibration absorber. The key
aspects of a tunable vibration absorber are the method by which the stiffness or mass of the device is altered and the
magnitude of the resulting change in frequency. Because it is generally more difficult to vary the mass of a device, focusing
on how to incorporate a variable stiffness into the absorber is appropriate. Precisely how the stiffness may be changed is an
important issue.

Piezoceramic materials offer an attractive solution to the variable stiffness problem. because these materials exhibit relatively
strong coupling between electrical and mechanical behavior. Recently. the Center for Acoustics and Vibration at Penn State
and PCB Piezotronics. Inc. were involved in the development of a piezoceramic inertial actuator (PIA). Part of the
development research conducted by Penn State showed that a PIA. used passively, behaves like a passive vibration absorber’.
The research presented here focused on developing a method for using such a PIA as an active vibration absorber.

2. BACKGROUND

A model was developed to improve insight into the effects of shunting a piezoceramic inertial actuator. First. a single degree-
of-freedom (DOF) structure and absorber model were created. Next. the absorber model was modified to incorporate the etfects
of the piezoceramic forcing element of the inertial actuator. Finally. the electro-mechanical dynamics of the passively shunted
piezoceramic were added to the model to capture the desired frequency dependent effects.

2.1 Vibration absorber/structure interaction

Consider a damped vibration absorber attached to a single DOF system. as shown in Figure 1. Letm,, Kk, and b, represent the
effective mass, stiffness. and damping of the structure respectively. and m,, k,, and b, represent the mass. stiffness. and
damping of the absorber respectively.

First, consider the response of the structure only (i.e.. no absorber. just the base structure). The following linear equation of
motion is readily found. (Note: unless otherwise stated. the damping terms b, and b, are considered small and ignored. to
simplify analysis.)

ms’.‘;s = —ks(“s - "'in) (N

Assuming zero initial conditions. Eq. | may be transformed into the Laplace domain and expressed in transfer function form.
Eq. 2 represents the ratio of the structural displacement. X, to the base disturbance displacement. X,,, or

X(s) __ k
Xia(s) m,s®+k,

(2)




The positive root of the denominator of Eq. 2 may be used to caiculate natural frequency of the structure, @, namely
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Thus. when the structure is excited harmonically at a frequency @,, it will resonate (i.e.. X, will be large compared to X,,).
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Figure 1. Passive vibration absorber attached to a single- Figure 2. Sample frequency response functions for
DOF structure iumped parameter model the single-DOF structure and the single-DOF

structure with auached PVA
Next. consider the equations of motion for the coupled structure/absorber system shown in Figure 1. namely
m, X, =-ka(xa "'rs) and m X =-ks('xs "xin)—kn(xs _'ra) (4a, b)

Transforming Egs. 4a and 4b into the Laplace domain and combining the results yields an expression for the structural
displacement. X,, in terms of the input disturbance displacement. X,,, or

X,(s) _ ko(mys® +k,)

Xin(s) - m,m,s* -f-(m,,(ks +k, )+ msk;‘)sZ +kk,

Eq. 5 describes the coupled dynamics of the structure/absorber system. Note that as with Eq. 2. the roots of the denominator
of Eg. 5 are the poles of the coupled system and the roots of the numerator of Eq. 5 are the zeros of the coupled system. The
frequencies of the poles (@, and w.) and zero (w,,) of the coupled structure/absorber system are

]
V7 | ma(ky +k,)+mk, mymk, (m, (k, +2k,)+ 2mk, ) + (mk, +m,k,)’ K
@2 == and @y, = o (6a.b)
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Note that @, defines the frequency of minimum response of the coupled structure/absorber system. and is equal to the natural
frequency of the (undamped) vibration absorber itself.

Consider now the structural frequency response function, both with and without an attached vibration absorber, due to an
input displacement disturbance (see Figure 2). The response of the structure only (i.e., the magnitude of Eq. 2) is denoted by
the dashed line in Figure 2. Notice the large structural response at the frequency ..




The solid line in Figure 2 shows the response of the structure with an attached vibration absorber that has a natural frequency.
W, equal to the natural frequency of the original structural mode. .. The response is reduced dramatically at the frequency
of the original structural mode. w.. and increased at frequencies both above and below the frequency of the original structural
mode (i.e.. at the trequencies of the poles of the coupled system. @, and w.).

From Eq. 5 and Figure 2, it is clear that the natural frequency of the absorber defines the frequency at which minimum
structural response will occur. Upon closer inspection of the numerator of Eq. S, it is also evident that the frequency of
minimum structural response is solely a function of the absorber mass and stiffness. Thus it is possible in principle to
reduce structural response at any disturbance frequency. provided the natural frequency of the absorber is equal to the
disturbance frequency and the absorber is lightly damped. This idea will be used later when developing a tuning control
strategy to maintain optimum absorber performance when subjected to a tonal disturbance frequency.

2.2 Vibration absorber frequency tuning via passive electrical shunting

With the knowledge that the natural frequency of the absorber defines the frequency of minimum structural response, the next
step was to develop a method for changing the stiffness of the absorber in real-time to make the absorber tunable. Electrically
shunting the actuator has the effect of changing the effective stiffness (and thus the natural frequency) of the device. A full
description of the theory behind the shunting method for frequency tuning is presented in the conference paper by Davis. et
al.' as well as the thesis by Davis'' and is summarized here for completeness.

As mentioned previously, a vibration absorber may be modeled using lumped parameters such as a spring, k,, and mass. m_
(Figure 3a). Similarly, an inertial actuator may be modeled as a spring-mass system with a forcing element, F,, in parallel
with the spring element. k,, of the absorber (Figure 3b). Placing the forcing element of the inertial actuator (which has an
associated effective stiffness) in parailel with the inherent structural stiffness of the absorber (Figure 3c) results in a net device
stiffness that is the sum of the two stiffnesses.
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Figure 3. (a) Passive vibration absorber lumped parameter model. (b) Inertial actuator lumped parameter model.
(c) Passively shunted inerual actuator lumped parameter model

Electrically shunting the piezoceramic forcing elements within a piezoceramic inertial actuator changes the effective stiffness
of the piezoceramics. An expression was developed'' for the effective stiffness. k’, of the piezoceramic forcing element within
the piezoceramic inertial actuator. namely

k*=kE l+—k‘2’——-— N
-k +afs)

where kE is the effective short circuit piezoceramic stiffness, k, is the piezoceramic planar electromechanical coupling
coefficient. a(s) is the nondimensional ratio of the electrical impedance of the of the piezoceramic (i.e.. 1/sC,7, where C,lis
the capacitance of the piezoceramic measured under constant stress) to the electrical impedance of the shunt circuit, and s is the
Laplace parameter (i.e., s=i® where  is radian frequency).

Regardless of the type of simple electrical shunt circuit (e.g., resistor, capacitor, inductor), there are limits on the range of
values k” can take on. These limits are conveniently defined in terms of shunt circuit short- and open-circuit electrical
impedances. When short circuited. the shunt impedance is effectively zero and Eq. 7 reduces to k™ = kE. At open circuit, the




shunt impedance is effectively infinite and k™ = k& (k,,:/( l-k,,:)). Thus the tunable range of k' is limited by the value of the
piezoceramic planar electromechanical coupling coefficient. k..

In the application described here. the value of k, was approximately 0.6. For a device made solely of this type of
piezoceramic material, the change in stiffness from short to open circuit could be as high as 56%. resulting in an almost 25%
change in natural frequency. In practice. however. the stiffness of the piezoceramic is in parallel with the inherent mechanical
stiffness of the actuator, and only some fraction of the net device stiffness may be changed due to electrical shunting.

Note that Eq. 7 may be complex depending upon the type of shunt circuit used (e.g., if a resistor is used as the shunt circuit).
A complex stiffness would indicate that the device has mechanical properties similar to those of an anelastic material and
therefore will add hysteretic damping effects to the system. In terms of vibration absorber performance. adding damping has
the effect of increasing the response magnitude at the natural frequency of the absorber. Because the goal of this research was
to maintain minimum structural response at ®,,,, shunt circuits which added damping to the system were not considered.

An ideal capacitor is a purely reactive element (i.e., capacitors do not dissipate energy and thus provide no damping). The
ratio of the effective tunable piezoceramic stiffness of a capacitively shunted piezoceramic element to the short circuit stiffness
of the element is shown in Figure 4. Notice that for this case, the tuning ratio is the ratio of the shunt capacitance. C,,, to
the clamped capacitance of the piezoceramic. As illustrated in Figure 4. the tunable piezoceramic stiffness varies smoothly
with increasing shunt capacitance. Also note that roughly a four-order-of-magnitude change in shunt capacitance is necessary
to effectively change from open to short circuit (or vice versa).

<<< open circuit short circuit >>>

Stiffness Ratio, k*/ kE
.
1

| ELEALLLALL IR R R L LELEAL LI SRR R L lluﬂ'l—"'l'-l-l'l'ﬂ'ﬂ'r
0.001 0.01 0.1 1 10 100 1000
Tuning Ratio. C, / Cr

Figure 4. Effect of shunt capacitance on effective piezoceramic stiffness

As mentioned previously, the total stiffness of a piezoceramic vibration absorber is the sum of the effective tunable
piezoceramic stiffness and the inherent stiffness of the device. The relative magnitudes of the two stiffnesses determines the
net frequency change possible via electrical shunting. An experiment was conducted using a commercially available
piezoceramic inertial actuator as a passive. electrically shunted vibration absorber. A schematic of the piezoceramic inertial
actuator used for the experiments. PCB Model X712A02, is shown in Figure 5. The actuator (the lower flat cylinder in
Figure 5) is approximately 2 inches in diameter and approximately 3/8 of an inch thick. The reaction mass is attached to the
top of the actuator by a standard 10-32 threaded stud. making it relatively easy to coarsely tune the device by changing the
mass. The base of the inertial actuator (hidden in Figure 5) also has a 10-32 threaded stud used for attaching the actuator to a
structure.

The purpose of the experiment was to measure the natural frequency and modal damping ratio of the actuator under 2 variety of
capacitive shunt conditions ranging between short and open circuit. In the experiment. the inertial actuator was attached to a
shaker and accelerometers were used to measure both the input (i.e., the shaker) acceleration and the reaction mass
acceleration. The ratio of the two acceleration measurements formed a frequency response function which was then curve fit
to approximate the natural frequency and modal damping ratio of the actuator for a given shunt condition. The electrodes of



the merual actuator were attached to a solderless breadboard where discrete values of capacitance could be used to shunt the
device.
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Figure 5. Schematic of the PCB Model X712A02 inertial actuator with 200g reaction mass

The results of the passive shunting experiment verified the ability to predictably tune the natural frequency of the
piezoceramic vibration absorber between a short circuit natural frequency of 313 Hz and an open circuit natural frequency of
338 Hz. The resulting change in natural frequency was approximately 7.5% from short to open circuit. Next, a frequency
tuning control method for the shunted piezoceramic vibration absorber was developed.

3. SEMI-ACTIVE PIEZOCERAMIC VIBRATION ABSORBER
FREQUENCY TUNING CONTROLLER
The preceding section showed that it is possible to use a PIA as a passive vibration absorber and that such a PIA may be
passively tuned with an external shunt circuit. In this section. the approach used to implement a semi-active tuning method
is described.

3.1 Concept

Consider a flexible structure with several well-spaced structural modes of vibration subjected to a tonal disturbance. Attaching
a conventional passive vibration absorber to the structure. tuned to the tonal disturbance frequency. would reduce structural
response at that frequency. Thus. as long as the disturbance frequency remained constant, a high level of attenuation would be
achieved (i.e.. structural vibration would be minimized). If. however. the tonal disturbance frequency changed. performance
would decrease (i.e.. the vibration level would increase). Therefore it is clearly beneficial to have a tunable vibration absorber
and a tuning method to track a changing disturbance frequency and appropriately re-tune the frequency of the absorber.

Developing a tuning method for the PIA involved three steps: First. an appropriate system signal was identified, from which
the desired tuning frequency could be estimated. The next step was to develop a method for actually estimating the frequency
of structural vibration from the signal. The final step involved formulating a control scheme to determine and provide the
proper shunt capacitance.

The concept of monitoring the disturbance frequency and tuning the absorber to maintain minimum structural response is
illustrated in Figure 6. The upper plot represents broadband structural response for a structure both with and without an
attached PIA vibration absorber. The highlighted area of the upper plot is enlarged in the lower portion of Figure 6 to show
the transfer function zeros (or minima) created by the addition of a short circuit, shunted. and open circuit PIA to the structure.

First. consider the case when the piezoceramic element within the PIA is short circuited (indicated by the dashed line in the
highlighted section in the lower plot of Figure 6). If a tonal disturbance acted on the structure at a frequency equal to f,,
structural response would be minimal. If the disturbance frequency were to decrease while the PIA remained short circuited,




structural response would increase. Similarly, if the disturbance frequency were to increase to the frequency f,., while the
piezo element remained short circuited. structural response would again increase. However. if the absorber were “re-tuned” by
adjusting the electrical shunt impedance to an open circuit condition structural response would remain minimal. In addition.
if the disturbance frequency were to fall anywhere between f, and f,. there exists a shunt impedance that will deliver
minimum structural response. ’
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Figure 6. Conceptual tuned vibration absorber structural response

Consider the following situation: a structural mode is excited by a pure tone harmonic disturbance which varies in frequency
by a few percent of some nominal frequency. In principle, a PLIA-based vibration absorber could be added to the structure such
that at a shunt tuning ratio of one. the natural frequency of the absorber would be equal to the nominal disturbance frequency
(i.e.. the natural frequency of the absorber for a tuning ratio of one is half-way between f,. and f,.). If sensing (in the form of
determining the frequency of the disturbance), control (in the form of a command signal based on the sensed frequency to alter
the electric shunt impedance), and actuation (in the form of a means to alter the electrical shunt condition) were provided. then
minimum structural response could be maintained within the band defined between the open and short circuit frequencies.

The heavy solid line in Figure 6 illustrates the conceptual response of a discretely tuned PVA. In this illustration. the shunt
capacitance does not vary smoothly between f. and f,, but instead is discretized. Thus, determining a means to estimate the
disturbance frequency, choosing the correct value of shunt impedance based on the estimated frequency, and physically
changing the shunt impedance are the main subject of the next section. Two important questions to be addressed are: 1) what
sensor(s) could be used; and 2) once a sensed signal is acquired, how can frequency information be extracted from it?

3.2 Implementation

It is clearly desirable to try to use the fewest number of sensors in order to reduce control system complexity, weight, and
power consumption. With this in mind. a method for sensing the tonal disturbance frequency based on the voltage produced
by the piezoceramic within the PIA was developed.

Assuming a linear model for the coupled structure/PIA system, the voltage produced by the piezoceramic elements within the
PIA is directly proportional to the piezoceramic strain and the shunt circuit electrical impedance. Thus, for an open circuit
electrical PIA being forced near resonance, the piezo elements would be under considerable strain due to the motion of the



inerual mass (and corresponding small motion of the auached structure ). producing considerable voltage. [f. however. the PIA
were short circuited. there would be effectively no measurable voltage across the terminals of the PIA. Instead. short-
circuiting the device would produce a large current (for the same forcing conditions). Thus. because shunting the PIA cun
vary the electrical impedance of the device from nearly short circuit to nearly open circuit. using the electrical state ot the
piezoceramic to estimate vibration frequency can only be effective if both voitage and current are used as sensor variables.

For the prototype system described here. a control system was used in which the A/D conversion process required voltages
within a prescribed range. Thus it was necessary to convert the PIA current to a corresponding voltage. The current
estimation process was realized using an op-amp as an ideal current-to-voltage converter'”.

The controller used for tuning the PIA is shown in Figure 7. The controller used two inputs and one output. The inputs were
the PIA voltage. V,. and the voltage proportional to the PIA current. V.. The output was a voltage proportional to the tuning
impedance of the shunt circuit. The main elements of the controller were: 1) the band-pass filters: 2) the frequency
estimaton logic: and 3) the contro! voltage calculation.
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Figure 7. Control system block diagram

The band-pass filters removed any DC-component of the input signals and attenuated high frequency noise. The filters were
second order with low and high cut-off frequencies of approximately 130 and 780 Hz respectively. Note that for the prototype
system. the frequency range of interest (i.e.. the range of frequencies defined by the short and open circuit resonance
frequencies of the PIA) was approximately 290 to 350 Hz. Thus the pass-band encompassed the range of interest well.

The filtered signals were next used to esumate the frequency of the tonal disturbance. For the prototype version. frequency
estimation was done by the control computer. For increased performance. analog circuitry could be implemented in the form
of a phase locked loop 1o convert the sensed voltages to a voltage proportional to frequency for use by the control system.

With a proper estimate for the frequency of vibrauon. the remaining task of the controller was to calculate an appropriate
control voltage with which to vary the shunt impedance. Before the controller could be programmed. however. it was
necessary to determine a method for physically altering the shunt capacitance. Recall that in Figure 2, the effective tuning
ratio range for capacitive shunting 1s roughly 0.01 to 100 times the capacitance of the PIA measured at constant stress. The
capacitance of the PIA measured at constant stress used in prototype system was approximately 0.072 uF. Therefore. to tune
the natural frequency of the PIA between f., and f,., a shunt capacitance range of roughly 0.7 nF to 7 uF was required.

Variable capacitors do exist. However. the majority of variable capacitors have relatively small ranges (e.g., even a range of
12 to 100 pF is not common) and must be tuned by physical means. Programmable capacitors also exist, but due to their
added complexity and resistance. they were not considered for the prototype system. Instead. a “ladder” circuit of discrete
capacitors wired in parallel was used to tune the PIA.

The effect of placing capacitors in parallel is a net capacitance equal to the sum of the individual capacitances. Figure &
illustrates a conceptual shunt circuit with several parallel capacitors. If the frequency tuning band of the shunted PIA were
discretized into a finite number of capacitive impedances. a control law could be developed to select a number of parallel
capacitors whose sum would be the net electrical impedance needed to tune the actuator very close to the estimated disturbance
frequency. Clearly. the number of discrete capacitance values used in a specific application will depend on the overall size of




the frequency tuning range, the intrinsic damping of the absorber. and the acceptable deviation from minimum response.
Finer discretization of the tuning band will yield more umiformly low system response.
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Figure 8. Conceptual “ladder™ capacitive shunt circuit

Consider a discretized shunt circuit with 10 discrete capacitance levels ranging from approximately 0.7 nF to 7 uF. Ideally.
each discrete shunt capacitance will tune the PIA such that structural response will be a2 minimum for a prescribed frequency
within the control bandwidth. Thus the tunable frequency band was divided into nine frequency bands between the short and
open circuit natural frequencies of the PIA as shown in Figure 9.

short circuit response open circuit response \
2] . /
] N
gz N , A /
.- . . . . Lt . 3
&5 RN A A A 7
v 2 ;o e !
§2 \VAVEVAVAVAY .

frequency

Figure 9. Frequency band shunt discretization

The frequencies at the minima of each frequency band (labeled as f, f, through f;, and f,. in Figure 8) define frequencies at
which the cumulative combinations of shunt capacitance prescribe the shunted natural frequency of the PIA. First, consider
the open circuit shunt case. Open circuit corresponds to a very small (or zero) shunt capacitance. Thus if capacitor C, in
Figure 8 were very small (or removed) and all switches were open. the PIA would be in an approximately open circuit shunt
condition (i.e.. the natural frequency of the PIA would equal f,)). Next. consider closing the switch s, in Figure 8. The net
capacttance of the shunt circuit increases to the sum of C, and C,. Conversely, the natural frequency of the PIA decreases to
fy (assuming C, and C, are chosen correctly). Similarly, closing switches s, and s, will increase the net shunt capacitance to
the sum of the C,, C,, and C, and the PIA natural frequency (and thus the frequency of minimum structural response) will
decrease to f,. Closing all of the switches will increase the net shunt capacitance to the total of all of the capacitors in the
ladder circuit. Thus. if C, through C, are chosen correctly, the sum of all the capacitors will be large enough to approximate
a short circuit shunt condition (i.e.. the total parallel capacitance will be greater than or equal to IOOXCPT). The question
remains. however, as to how to open and close the switches in the ladder circuit.

The switches in the shunt circuit shown in Figure 8 determine the number of capacitors in parallel with the PIA. Ideally.
these switches would operate in response to a prescribed signal from the control system. In doing so. however. the switches
should not introduce any additional electrical impedance into the shunt circuit. A relay provides one possible solution to this
problem.

The control voltage, V., shown in Figure 7, is used to turn the relays on in succession. Variable resistors wired between each
relay driver circuit were adjusted such that for V=1V, relay #1 would turn “on” while the others would remain “off”. For
V=2V, relays #! and #2 would turn “on” while the other relays would remain “off”. Similarly, more relays would turn “on”
while the remaining relays remained “off” for increasing integer voltage levels up to and including 9V. What remained was to
program the control logic to output discrete integer voltage levels corresponding to desired shunt capacitance levels. Note that
discrete voltage outputs were required to ensure the appropriate relays in the switching circuit were either “on” or “off”.



Figure 10 illustrates the correlation between control voltage. V.. PIA capacitive tuning ratio. o. and the frequency of
minimum structural response. From Figure 10 it is clear that. for a control voltage of OV. no transistors are “on” and thus the
PIA is shunted with one capacitor. C,. As stated earlier. if C, is sufficiently small (say approximately O.leCpT). the PIA
will behave as if it were open circuited. For a control voltage of 1V, the first transistor turns “on™ and the shunt capacitance
is increased from C, to the sum of C, and C,. If C2 equals 0. GCrT. the net tuning ratio would be approximately 0.11 and
the natural frequency of the PIA and therefore the frequency of minimum structural response would be .
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Figure 10. Control voltage to structural response correlation

As shown in Figure 10. varying the control voltage. V.. from 0 to 9V changes the frequency of minimum structural response
from approximately the open circuit natural frequency to approximately the short circuit natural frequency. Referring to the
control system block diagram in Figure 6. the estimate control voltage block contains the code to convert the estimated
disturbance frequency to an appropriate control voltage.

4. TUNING CONTROL EXPERIMENTS

Several experiments were designed to evaluate the effectiveness of the tunable piezoceramic inertial actuator. In the
experiments. a representative structure (a clamped-clamped beam) was driven with a tonal force disturbance. First, structural
accelerance measurements were taken both with and without the passive PIA attached to the structure. Measurements in
which the PIA was both short and open circuited were used to define the effective tuning bandwidth for the shunt control
system. Finally, a sine sweep was used to vary the disturbance frequency from just below the PIA short circuit natural
frequency to just above the PIA open circuit natural frequency for the short circuit, open circuit, and actively tuned cases.

Figure 11 shows the experimental setup for the semi-actively tuned PIA vibration absorber experiments. The representative
structure was a 0.913 x 0.038 x 0.006 m aluminum beam rigidly fixed at both ends. An inertial actuator placed 10 ¢cm from
the left end of the beam was used to apply a disturbance force to the structure. The drive signal for the actuator was generated
by a Hewlett Packard 3562A signal analyzer and amplified using a PCB/AVC high power charge amplifier. A dynamic force
transducer placed between the actuator and the structure measured the force applied to the structure, while a high-sensitivity
accelerometer located 30 cm from the right side of the beam measured the dynamic response of the beam at the location of the




PIA. Both the force transducer and the accelerometer signals were amplified via portable power units and then recorded by the
HP signal analyzer. The analyzer was also used to process the force and acceleration signals to calculate accelerance FRFs.
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Figure 11. Semi-active tuned PIA vibration absorber experimental setup

Figure 12 shows the response of the system both with and without the PIA absorber attached to the clamped-clamped beam.
The response of the system with no absorber attached has a prominent structural resonance at approximately 318 Hz. Clearly,
the passive PIA significantly reduced the structural response in the neighborhood of the original structural resonance, and the
frequency at which minimum structural response was obtained varied with the value of the electrical shunt.

1000 (forcing voltage = 12.6 V. sweep rate = 312.5 Hz/s)

— : :

7]

< 100

E .

[0} )

] o

g 10 i ' ,

c " ;

g " ] A |‘ / ’

2 f \ R .

] \ ’

g ) -

g 1 f:; === baseiine

o2 i e passive (short)
] i 3 —— passive (a = 1)
2 : ~ - - passive (open)

g

h=A g

© i

E )

2 i

=
T ]

0] 100 200 300

Frequency [Hz]
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In addition to the open and short circuit measurements (i.e.. measurements taken for tuning ratios of 0 and respectively). the
accelerance was also measured for a tumng rauo of 1.0. The response for o = | defined the nominal or “controi off”
condition. In practice. a nominal disturbance frequency would be identified and the mass of the PIA would be selected such
that for a=1. minimal structural response would occur at the nominal disturbance frequency.

Next. the actuator was connected to the tuning circuit. which was implemented on an electronic preadboard. The breadboard
was also connected to the real-time control computer to supply PIA voltage and PIA current estimates and receive shunt
control voltages. The op-amps and relays used for the switching circuit were powered with Hewlett Packard DC power
supplies.

The control computer used for the experiments was a 100 MHz Dell Pentium. The Pentium housed a dSPACE DS1102
Floating-Point Controller Board with Texas Instruments TMS320P14 processor chip. The two A/D channels of the
controller board had an input voltage range of =10V and used 16-bit converters. The D/A channel had an output voltage range
of 10V and used a 12-bit converter. MATLAB's Real-Time Workshop was used to translate a SIMULINK block diagram
into C-code. then to invoke the TI C-compiler. The compiled C-code was then downloaded to the processor on the controller
board. The controller was designed and set to sample at 10 kHz which adequately accommodated the simulation of the analog
linear filters.

To gain a more accurate estimate of the passive and semi-active response of the system. swept sine measurements were made
between 300 Hz and 350 Hz. Note that the sweep rate for the measurements was set sufficiently low to ensure that the filters
within the controller had time to settle before the analyzer moved to the next frequency in the sweep.

Figure 13 illustrates the effects of using a semi-active piezoceramic vibration absorber on structural accelerance due to a
varying-frequency tonal disturbance. The dotted line in Figure 13 is the passive structural accelerance (i.e., structural response
with 2 constant & = 1). The solid line is the structural accelerance with the tuning controller wmed on (i.e.. structural
response with a variable o). The changing discrete capacitances are evidently effective in increasing minimum accelerance
over the previously defined tuning band. In addition. structural accelerance at frequencies below the short circuit frequency of
the PIA and above the open circuit frequency of the PIA was improved.
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Figure 13. Actively tuned vs passive structural response

Figure 14 shows the difference tin dB) between the passive and active responses. Maximum increases in performance of about
20 dB occurred at both the short and open circuit PIA natural frequencies. On average, an approximately 10 dB increase in




performance was obtained over the frequency range shown (7% change in frequency from the center frequency of 325 Hz). A
slight decrease in performance, however. was observed in a small frequency range in the center of the tuning band. This was
attributed to the fact that the discretized shunt capacitance was not quite equal to the PIA capacitance measured at constant
stress (i.e.. &¢ 1) at the tuning band center frequency.
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Figure 14. Active vs passive structural attenuation performance

Note that the speed of the control system was limited by the speed of the filters used in the control system. The electronics
used to adjust the shunt capacitance operated very quickly compared to the filters. Thus. proper tuning was achijeved as soon
as the filters settled and the proper disturbance frequency was estimated. The rate of re-tuning due to a change in disturbance
frequency was limited by the disturbance frequency estimation method. Small changes in disturbance frequency, less than
about 11% of the tuning band. were effectively compensated in less than 60 milliseconds. Detecting, then completely
switching the absorber from short to open circuit, or vice versa, required less than 250 milliseconds. A complete discussion
of the effects of control speed as well as variations due to changing forcing amplitudes can be found in A Tunable
Piezoceramic Vibration Absorber. Ph.D. thesis by Davis''.

5. CONCLUSIONS

A solid-state tunable semi-active piezoceramic vibration absorber was developed. Electrically shunting a piezoelectric inertial
actuator with a capacitive electrical impedance changed a fraction of the effective net stiffness of the device, thus changing the
device’s natural frequency. The control system used to tune the PIA monitored the voltage and current produced by the device
to estimate a tonal structural vibration frequency and in turn adjust the net discrete shunt capacitance appropriately.

The semi-active PIA absorber had a £3.7% tunable frequency band relative to the center frequency. 'Additional attenuation
effects extended beyond +7% of the center frequency. Within the tuning band. increases in performance beyond passive
performance were as great as 20 dB. In addition. the average increase in performance across the tunable frequency band was
over 10dB.

This combination of tunable vibration absorber and active tuning method has several features that distinguish it from, and
give it potential advantages over. others described in the literature. First. it is a piezoelectric-based device. Second, it uses



capacitive shunting to accomplish an etfective change in stiffness. Third. it is less complex than comparable devices. because
it is completely solid-state. Fourth. it requires no additional sensors. as the voltage and current signals generated in the
piezoelectric elements may be used directly. Fifth. it has relatively low power consumption relative to other PVA tuning
methods: the electrical power required for shunt circuit switching is far less than the power required for driving stepper-motors
or heating viscoelastic materials. Furthermore. the tuning controller was novel in that it could be impiemented as a
completely solid-state analog system. Achieving this would require performing the frequency estimation and conrrol voltage
calculation in hardware instead of software. Frequency estimation could be accomplished using a Phase-Locked Loop (PLL)
circuit '**. PLLs require little power. react quickly. and are commercially available in compact integrated circuit packages.
The output of the PLL is a DC voltage directly proportional to frequency. thus making the control voitage calculation largely
a matter of scaling.
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ABSTRACT

This research addressed the isolation of a
pavload subjected to a non-measurable broadband
disturbance and rigidly mounted to either a rigid or
flexible base. The work consisted of two parts: first, the
modeling. design and realization of an actuator suitable
for the application: and second. the design and
implementation of a force feedback control system using
the actuator. A flexural piezoceramic inertial actuator
was used to generate reaction forces at the root of a
double cantilever beam actuared in flexure by surface
mounted piezoceramics. Necessary damping of the
actuator itself was provided by a constrained layer
damping treatment. Analytical and finite element
models were developed and used to determine the effects
of various design parameters on the actuator short-
circuit dynamic stiffness and the blocked force frequency
response functions. Using these models. an actuator,
providing a minimum 0.03 N/V berween 25 and 400
Hz. was designed and built.

Active force isolation experiments were
conduczed with the goal of minimizing the force
transmitted to the base from 0 to about 100 Hz using
force feadback. Controllers were designed using a
variation of the LQG method. Fictitious disturbance
and performance filters were appended to the physical
plant models to account for the fact that the power
spectral density of disturbances is usually band limited,
and to ensure adequate roll-off of the controllers at high
frequencies. In the rigid-base case, the best performance
was a 6 dB average broadband reduction of the
transmitted force between 20 and 110 Hz. In the
flexible-base case, the best performance was a 2 dB

average broadband reduction of the transmitted force

between 20 and 90 Hz. The decrease in the level and
the bandwidth of the reduction obtained in the flexible-
base case can be attributed to additional phase delay of
the secondary plant transfer function, as well as
additional computer time delay.
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INTRODUCTION

Vibration isolation problems involve a svstem
comprising a payload, a mount. and a base {!]. In many
applications, the payload is subjected to an extemnal
force or an acceleration. and generates a force at. and/or
an acceleration of the base via the mount. The payload
may be a vibrating machine of some kind. and the base.
a car body. a ship hull. an aircraft fuselage or the floor of
a building. The goal of an isolation system is to
minimize the transmitted force and or an acceleration
over a specified frequency range.

To this end. passive active and hybrid
techniques have been developed. The most commonly
used passive technique. compliant mounts. present a
risk of payvload resonance. and do not offer any isolation
below the first resonance frequency of the mount-
payload svstem. The first problem is usually addressed
bv adding some damping to the mount. by using a
viscoelastic material. a viscous damper. or an actuator
with velocity feedback. The second problem often
requires the use of an actuator in parallel or in series
with the passive mount.

In some cases. such as a pipe containing a
turbulent flow, the payload cannot tolerate any motion,
and the mount must be rigid. Only active techniques.
based on the application of a secondary force to the
svstem, remain. Due to the rigidity of the system, the
propagation delay between the disturbance and the
output is generally very short. Feedforward control is
then impractical and feedback control must be used.
Active isolation techniques using feedback control
avoid the risk of payload resonance. and theoretically
allow for low frequency isolation. They present some
limitations, however, such as the increased risk of
instability in case of non-minimum phase systems, the
trade-off between disturbance rejection and noise
immunity. the controller contributions to the plant
phase delay. and the inevitable modeling errors. Low
and high frequency limits to active broadband isolation
using feedback control, and a robust control design
procedure based on the LQG method. are discussed in
detail in [2].

Active isolation systems require several design
decisions, including at least the following: the kind of
actuator: the point of application of the secondary force
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[t]: the control strategy (feedback or feedforward) [1]:
the sensed variable(s) (interfacial force. base acceleration.
payload acceleration, gap) [3, 4]; the control bandwidth
(narrowband or broadband) [2, 5]; the control design
methodology [2, 6]; and implementation of the
controller(s). Good experimental results in active
vibration isolation range from 16 to 20 dB for narrow
band isolation(5, 7], and from 10 to 15 dB over a
decade for broadband isolation [2, 8].

This research addressed the probiem of active
isolation of a payload subjected to a non-measurable
broadband disturbance and rigidly mounted to either a
rigid or a flexible base. The approach involved two
parts: (1) the modeling, design and realization of a
suitable actuator; and (2) the design, implementation,
and evaluation of a robust force feedback control system.
The performance of the active isolation system was
evaluated using two different performance indices: the
ratio of the closed loop to open loop force
transmissibility, and the sensitivity transfer function.

FLEXURAL PIEZOELECTRIC INERTIAL
ACTUATOR

Piezoceramic actuators generally offer good
force generation capability, high frequency bandwidth.
and linearity of control. Available types o
piezoceramic actuators include mainly longitudinal
stack actuators (d;;) and flexural actuators (dy;). Stack
actuators have been used successfully in hybrid
isolation systems [9]. They can generate very high
forces but have also very limited stroke {2]. For this
reason they are more suitable if the base is rigid or
slightly flexible. They are usually placed in parallel or
in series with a passive isolation stage In parallel. they
have to overcome the stiffness or the mount. In series.
they have to overcome the weight of the payload.

Flexural piezoceramic inertial actuators offer
longer stroke. do not have to overcome the stiffness of
the mount. or carry the weight of the payload. They are
consequently more suitable than stack actuators in
applications involving a flexible base. a rigid mount.
and a heavy payload. However, they have some
drawbacks: The larger stroke results in lower force than
that provided by a stack actuator of the same volume.
Also. the absence of a passive isolation stage results in
very lightly damped actuator modes, which can
themselves become unstable in closed loop conditions.
It is necessary to add some passive damping to the
system. In this research. a constrained layer damping
treatment was used, improving the closed loop stability
significantly.

Figure 1 shows a half symmetry drawing of the
flexural piezoceramic inertial actuator used in this
research. The main elements inciuded a double
cantilever base beam. piezoceramic plates bonded
symmetrically on the top and the bottom surfaces of the
beam, a reaction mass at each end of the beam, and a

-

fixture at its center to enable attachment to the external
structure. The piezoceramics were used in the dv, mode.
and bonded such that their inherent polarization was in
the same direction. By applying the same electric field
to the top and bottom plates. they experienced opposite
deformarions and generated a bending motion in the
beam at the same frequency as the applied electric field.
Assuming that the actuator was connected to a
symmetric structure, i.e. that the angle of rotation at the
attachment point remained zero. the actuator force was
given by :

F(iw) = F, (in) - K3 (i0)X(i0) )

where F(iw) is the effective force applied to the
structure, X(iw) is the displacement at the point of
attachment, Fy(iw) is the actuator blocked force, and

- ¥ . . . . .
KZ(1®) the acruator short circuit dynamic stiffness in

the x direction. The blocked force is the force developed
by the acmator when connected to an infinite
impedance, i.e. when the displacement x is constrained
to zero. The shont circuit dynamic stiffness is the .
dynamic stiffness of the actuator when the electric field
applied to the piezoceramics is zero. In the case of &
non-svmmetric structure, the actuation force would also
depend on the rotation angle times the rotational
dyvnamic stiffness of the actuator.
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Figure 1. Geometry of the flexural piezoelectric inertial
actuator (dimensions in mm)

Modeling, design, and realization
Euler-Bemouili analvtical and finite element

models of the actuator were developed and used to
conduct three sets of parameter studies.
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First, the etfects of (1) the mass ratio and (2)
the rotary inertia ratio (of the reaction mass to the base
beam) on the naturai frequencies of the base beam was
studied. Clamped-free boundary conditions were
adopted for the calculations since. in the subsequent
experiments, the actuator would be connected either to a
rigid or slightly flexible base. To a first approximation.
assuming that the additional mass and stiffness due to
the piezoceramics were negligible. these naturai
frequencies were also the resonance frequencies in the
biocked force frequency response function. In a feedback
control system, actuator resonances result in phase
delays in the secondary plant transfer function, and
increase the risk of instability. As shown in Figures 2
and 3, the first natural frequency of the base beam is
primarily governed by the mass ratio, whereas the
second natural frequency is sensitive mainly to the
rotational inertia ratio. Using this insight. one can place
the first and second natural frequencies almost
independently, so that they do not interfere with the
trequency spectrum of the disturbance.
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Figure 2: First normalized natural frequency versus mass
and rotational inertia ratio
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Figure 3: Second normalized natural frequency versus mass
and rotational inertia ratio

Second, ways to improve the effectiveness of
the piezoceramic actuator were investigated. Using an

Euler-Bernoulli model described in [10]. the etfect of the
piezoceramic-to-beam thickness ratio on the normalized
bending curvature (strain) was determined. For a given
beam thickness. and for equal widths and Young's
moduli. the optimal piezoceramic thickness was found
to be about one third of the beam thickness. Then,
using a finite element model, the effects of the
aforementioned mass and rotational inertia ratios on the
strain distributions of the first and second modes of the
‘base beam in clamped-free boundary conditions was
studied. Knowledge of the modal strain distributions
was important because piezoceramics are most efficient
in exciting a particular mode if placed in a region of
high strain for that mode. The same phenomena were
observed for the first and second mode. but to a larger
degree for the second mode. As shown in F igure 4 , the
tip rotational inertia tends to shift the regions of high
strains towards the free end. The tip mass tends to shift
them back to their original position. but not as
significantly. Consequently. if a large mass with small
rotational inertia is chosen. the first natural frequency is
reduced while keeping the second natral frequency
high, and the regions of high strain are essentially
unchanged. .
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Figure 4. Strain distribution of the second mode for a fixed
mass ratio and various rotational inerua ratios

Third, after selecting the geomerry and the
material properties of the actuator. the blocked force
frequency response function was simulated using a finite
element model. The possibility of increasing the force-
delivering capability without changing the natural
frequencies was investigated. This was accomplished
by simultaneously increasing the thickness of the beam,
the thickness of the piezoceramics. the tip reaction mass
and rotational inertia, and the beam length. As shown
in Figure 5. doubling and quadrupling the beam
thickness increased the blocked force 80% and 460%
respectively, at all frequencies.

A three step design procedure was then
naturally deduced from these results. The first step was
to determine the base beam and reaction masses

3
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dimensions and material properties to obtain the desired
natural frequencies in clamped-free boundary conditions.
The second step was to determine the piezoceramic
thickness and distribution so as to obtain the maximum
curvature and to excite the desired modes. The third
step was to change the size of the actuator without
changing the natural frequencies (using the blocked force
frequency response) until the desired level of blocked
force was obtained. or until the constraints on the
actuator size were reached.
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Figure 5. Simulated blocked force for various beam
thicknesses and constant natural frequencies

Figure 6 shows an actuator mounted on a
mass. The base beam was made of aluminum. the
reaction masses of steel. APC 856 material was used
for the piezoceramic plates. The dimensions of the base
beam and reaction masses were chosen to place the first
and second natural frequencies at about 35 and 300 Hz
respectively. The corresponding mass and rotational
inertia ratios were 2.4 and 0.0078. respectively. The
piezoceramic thickness was chosen to be one third of
the beam thickness. and segmented piezoceramic plates
were placed along the first three quarters of the beam. In
the subsequent active control experiments. the
disturbance power spectral density could be scaled so as
not to exceed the maximum available force from the
actuator. Hence. no attempt was made to maximize the
blocked force. Once the dimensions were chosen. they
were input to the finite element model and the Modal
Strain Energy method [11] was used to predict the
change in the modal damping ratios due to the addition
of a constrained layer damping treatment.

Experimental characterization

The short circuit dynamic impedance and the
blocked force frequency responses of the actuator were
measured before and after the addition of the constrained
layer damping treatment. For the measurement of the
short circuit dynamic impedance, the piezoceramics

4

were short circuited. The experimental set-up included:
an electromagnetic shaker driven by a random voltage
signal to generate a force at the point of attachment of
the actuator: a force transducer to measure the applied
force: and a laser vibrometer to measure the velocity at
the same point. For the measurement of the blocked
force the set-up was even simpier: a large mass to be
used as an infinite impedance: and a force transducer to
measure the actuation force against the mass. These
measurements were curve fit to obtain the change in the
modal parameters of the first and second actator
resonance frequencies due to the constrained layer
damping.
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Figure 6: “Two arm™ flexural piezoelectric inertial actuator
mounted on a rigid mass

In the short circuit dynamic impedance
measurement. the damping ratios increased by 1120%
and 100% respectively. whereas the natural frequencies
dropped by 1% and 8 % respectivelv. In the blocked
force measurement, the damping ratios increased by
14% and 40% respectively. the first natural frequency
remained unchanged and the second dropped by 6%.

Figures 7 and 8 show the blocked force
frequency response before and after the application of the
constrained layer damping treatment, trom experimental
measurement and simulation (only the undamped
actuator blocked force was simulated). The first
damping ratio and the second natural frequency change
noticeably. However the level of the blocked force ar
non-resonant  frequencies remained  essentially
unchanged. The actuator provides approximately 0.03
N/V between 50 and 250 Hz ie. about 9 N at the
maximum driving voitage (300 V).

American Institute of Aeronautics and Astronautics




Maganitude
gv:gmyvgn i)

L L
200 300

Y]
Q
o

B
o

Phase (degree)
o

5

300 400 $00 600

Frequency (Hz)
Figure 7. Experimental, simulated. and curve-fit blocked
torce of the actuator without CLD treatment

o

100 200

& 33
-E S ;  Experimenti :
B :
- :
Bl L ST T
-] AR Simulated (po.CLD) 7. .. R —— -
o0 100 150 280 450 300
Frequency (H2)
- 200 —
fd
t \
0 H
2 0 . eve o Vlmite. e o
¥ :
2-200 P
400 H L i \z'
0 310 100 0] pAey] 23U o) <30
Frequency (Hz)

Figure 8. Experimental, simuiated. and curve-it blocked
torce of the actuator with CLD treatment

CONTROL DESIGN METHODOLOGY

The problem addressed in this research can be
represented by the block diagram shown on Figure 9.
On this diagram, y is the sensor output giving the total
force transmitted to the base, d is the sensor output
giving the force transmirted to the base due to the
disturbance, n is the sensor noise, and u the control
input to the actuator. Gy(s) is the actuator-sensor, or
secondary plant, transfer function, and -K(s) the
controller transfer function. In open loop conditions.
Y(s)=D(s). In closed loop conditions it is given by:

S(s) is called the sensitivity transter function
and T(s) the complementary secasitivity transfer
function. For good disturbance rejection. S(s) should
be small at some desired frequencies. As seen from
Equation (4), T(s) will be large at these frequencies,
resulting in high noise sensitivity.  Since many
disturbance spectra are limited in bandwidth, and since
noise is usually a problem mainly at high frequencies, a
trade-off between disturbance rejection and noise
suppression is obtained by making K(s) large at low
frequencies and smail at high frequencies.

*d

C (o

44—@<—n

Figure 9. Block diagram representation of
the regulation problem

-K(s)

The controllers were designed using a
variation of the Linear Quadratic Gaussian (LQG)
method. The LQG method is limited in that the
disturbance input must be a zero mean gaussian white
noise. and that no stability margins are guaranteed. To
overcome these limitations. fictitious disturbance filters
were appended to the physical svstem model before
application of the LQG algorithm. The physical
systems (rigid and flexible configurations) were
described by state space equations of the form:

X(t) =Ax(t)+b u(t)+b_w(t)
V(1) =CX()+d_u(t)+d_w(t)

®
)

where u is the control input. w the disturbance input, x
the vector of states. v the output and the measurement
noise was temporarily ignored. A. b,, C and d, were
determined by the system identification of the secondary
plant transfer function. bu, C and d. were arbitrarily set
to 0 and 1, respectively. This assumption is appropriate
in the rigid base case, in which the propagation delay
between the disturbance input and the output is very
short, but less justified in the flexible base case.

First, a fictitious disturbance filter was
appended to the physical system, to account for the fact
that the power spectrum density of the disturbance is
likely to be band limited. Basically, the procedure
consists in assuming that the power spectrum density of

Y(8) = SUHAS) = LSNLS) () the disturbance w can be wrinen as the square of a
S(s) = 1 proper rational fraction polynomial H(s). Using a
- I+ G K (3)  property of linear systems. w can be viewed as the
e output of a linear system of ransfer function H(s) to a
T(s)=1-S(s) (4)  zeromean gaussian white noise wa of intensity Wo. In
this research, the power spectrum density of w was

b
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assumed to roll off as w’. H(s) was chosen to be a
second order tilter of static gain |, undamped frequency
wa. and damping ratio {o. A state space representation
tor this filter was determined as:

x_w = wa-\_v-+ bwuwo (7)
w=C,x, + dwq W, (8)

Equations (7) and (8) were appended to
Equations (5) and (6) to form an augmented system:
b d
A bJ\,Cw x_+ ?_p u+ R wo
A, x 0 b,

- -

% 0
©)
X
v=[cC dwa]x'+ d,u+d,d, W, (10
-

where the disturbance input w, is a zero mean gaussian
white noise. such that the condition for the application
of the LQG method is satisfied. The introduction of the
disturbance filter made it possible to obtain a low
sensitivity transfer function in a limited bandwidth. and
to keep the complementary sensitivity transfer function
low above this bandwidth.

Secondly, a fictitious performance filter was
appended to the augmented system to ensure adequate
roll-off of the controllers at high frequencies. In the
classical LQG method. the weight on the output. q, and
the weight on the control input. r. are independent of
frequency {12]. References {2] and (6] describe a
procedure to make q frequency dependent. so as to
penalize v only at cerain frequencies. A fictitious
output z is defined as the ourput of a linear svstem o
mansfer function F(s) to the physical output v. The
LQG problem associated with the system of output z
and constant weight q, is equivalent to the LQG
problem associated with the system of output v and a
frequency dependent weight q(iw)=qiF(iw)|". To
penalize y only in the low frequency range, F(s) was
assumed to be a second order filter of static gain I,
undamped frequency ®,, and damping ratio {,. A state
space representation of the performance filter. with a non
zero measuremnent noise in the output equation. was
determined:

am
(12)

X, =Azxz+2yy
Cz+ay+4d

zZ =

Equatiohs (11) and (12) were appended to
Equations (9) and (10) to form the final augmented
system:

6

\ vohCo 0 N b b d..
x, = 0 A, 0 x, = O u+ b‘,_ W,
k., bC bd.C, A, x_ bd,  bdd,.
(13)
X
=f.c dd.c. C]x +ddurdd.d, w,+8
xI
(14)

The LQG algorithm was applied to the
augmented system, and the combined observer-
controiler transfer function from z to u was obtained.
The real feedback controller transfer function was
recovered by:

U(s) _ U(s)
o 15)

Hence, roll-off of the controller wransfer function
at high frequencies is not only ensured by the presence
of the fictitious filter in the plant transfer function, but
also by multiplication by the performance filter transfer
function. For the design of the controllers, wo, ®., and
Z,, &1 were chosen to be equal to 800 rd s” and 0.7.
respectively. : :

ACTIVE FORCE ISOLATION EXPERIMENTS

Two active force isolation experiments were
conducted. In the first experiment. the actuator was
placed between an electromagnetic shaker (used as a
disturbance source) and rigid mass. In the second
experiment. it was placed berween the shaker and a
flexible fixed-fixed beam. as shown in Figure 10. The
goal in both cases was to minimize the force
transmitted to the base between 0 and 125 Hz using
force feedback (i.e.. the controller was designed to be
most effective over this range). Theoretically, the
actuator can always be designed such that its resonance
frequencies are outside the frequency spectrum of the
disturbance. In practice however. variation of the
frequency spectrum of the disturbance may occur,
resulting in the presence of one or more actuator
resonances inside the range. To test the robustmess of
the active isolation system to this possibility, all
experiments were conducted with a disturbance
frequency spectrum ranging from 0 to 400 Hz, one that
included the first two actuator resonance frequencies.

The forces at the shaker-actuator interface and
the actuator-base interface were sensed by two PCB
208MS51 force transducers. A Hewlett-Packard 35660A
frequency anmalyzer was used to compute tansfer
functions for system identification and for performance
assessment of the feedback control. The controller was
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unpiemented digitally using 3 dSPACE digital signal
processor board DS1102.

VANV AW Ay AV &y

Figure 10. Experimental set-up of the
flexible base active isolation experiment

The secondary plant. or actuator-sensor plant,
was defined as the following: the power amplifier for the
actuator. the actuator, the force transducer, the analog
signal processing unit for the force transducer. and the
power amplifier for the sensor. Additionally, a pure
time delay accounting for the estimared computer time
delay was included in the secondary plant transfer
function.

The performance of the active isolation system
was evaluated using two different primary plants
(disturbance input to output): (1) the transfer function
from the disturbance force. i.e. the force at the shaker-
actuator interface. to the transmitted force. i.e. the force
at the actuator-base interface. (force transmissibility);
and (2) the transfer function from the voltage driving the
shaker to the transmitted force. In both cases. the ratios
of the closed loop to open loop primary plant mansfer
functions were used to evaluate the system. However.
their significance and practical interest proved to be
different. .
Let Y, be the ourput of the force sensor
berween the shaker and the actuator. and Y- the output
of the force sensor between the actuator and the base.
The true performance of the active isolation system is
given by the sensitivity transfer function. the ratio of the
closed loop to open loop regulated output Y.:

Y, (i)

S(iw) =
(im) )

(16)

where © denotes closed loop quantities, and * open
loop quantities

In the first case. the ratio of the closed loop to
open loop primary plant transfer functions is the ratio of
the closed loop to open loop force transmissibilities,
and is defined by:

Yy (io) Y (io)
Yoy Y, (1)

Y (iw)

S(iw) -

an

7

A transmissibility ratio less than | means that the ratio
of the transmitted force Y: to the disturbance force Y,
has been decreased. This may be due either to a
reduction of the magnitude of Y:, or to an amplification
of the magnitude of Y. The transmissibility ratio is
equal to the sensitivity transfer function if and only if Y,
is the same in closed loop and open loop conditions at
all frequencies. In open loop conditions. the motions of
the shaker and the actuator are due to the disturbance
force. In closed loop conditions. they are due to the
superposition of the disturbance force and the actuator
force. In practice. the motion of the shaker and the
motion of the actuator due to the actuator force will be
different, so that Y, is necessarily different in closed
loop and open loop conditions. The transmissibility
ratio must be considered more as a conceptual way to
assess the performance of the active isolation system,
assuming that the disturbance source is able to generate
a constant force.

[n the second case. the ratio of the closed loop
to open loop primary plant manster functions is defined
bv:

V(o)

Vo)

Provided that the same voltage is applied to
the shaker in closed loop and open loop conditions.
this ratio gives a direct measurement of the sensitivity
ansfer function. i.e. of the absolute reduction of the
regulated output Y, due to the active isolation system.

Three types of measurements were performed:
(1) system identification. to get the secondary plant
mathematical mode!s: (2) open loop primary plant
tanster functions: and (3) closed loop primary plant
wansfer functions for the two primarv plants defined
above. for various LQG design parameters. Then the
ratios of the closed loop to open loop transfer functions
were calculated to evaluate the performance of the active
svstem.

¥ (i0) V'(i0) _ g
Vo) Yy (o)

(1)

EXPERIMENTAL RESULTS

The tansfer functions of the two secondary
plants (rigid and flexible base configurations) were
measured between 0 and 2 kHz. The data were curve fit
using rational fraction polynomials {13} between 0 and
350 Hz. more than three times the desired control
frequency range. For the rigid base case. the first two
actuator modes were included. as shown in Figure 11,
resulting in a fourth order mathematical model. For the
flexible base case. the first two actuator modes and the
first beam mode were included. as shown in Figure 12,
resulting in a sixth order modet.

As expected. the open loop transmissibility in
the rigid case is nearly independent of frequency. The
system behaves almost like a rigid mount, with the
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disturbance force is equal to the transmitted force. The  obrain. However. it is reasonaple to believe that the
open loop transmissibility in the tlexible case exhibits  closed loop transmissibility 1s close to the open loop
poles at 190 Hz and 320 Hz and a zero at 290 Hz. This transmissibility in this range, due to the lack of
Zcro corresponds to a resonance of the flexible base for  authority of the actuator below its first  natural
which the mounting point is an antinode. frequency.

In the flexible case. the isolation system was
able to provide an average reduction of about 2.5 dB of
the open loop transmissibility berween 35 and 85 Hz
Reduction levels up to 15 dB were obtained between

8
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Figure 11. Rigid Base: experimental and mathematical
secondary plant transfer function 2
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Figure 12. Flexible base: experimental and mathematical
secondary plant transter function

The open loop tansfer functions from the
voltage driving the shaker to the ransmitted force in the
rigid case exhibits a single pole at 40 Hz corresponding
to the first resonance of the shaker and a zero at zero
frequency. This zero is due to the fact that the shaker
itself is an inertial device. The open loop transfer
function in the flexible case exhibits poles at 40, 140
and 300 Hz and zeros at 0 and 290 Hz. The latter is -1
due to a base resonance. Frequency (Hz)

In the rigid base case. the isolation system was Fi 14. Rigid Base: E quency _
able to provide an average reduction of about 4.5 dB of ‘gure 14. Kigt ?sc' =xperimental sensitivity transfer

AT < unction (q=400)
the open loop transmissibility between 35 and 110 Hz
(35 Hz corresponds to the lowest actuator natural
frequency.) Good coherence on the closed loop
transmissibility below this frequency was difficult to

o

Magnitude (aB)
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In the rigid base case. the isolation system was
able to provide an average reduction of about 6 dB of

8
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the transmitted torce between 35 and {10 Hz. Reduction
ot about 2 dB was also obtained below the first actuator
natural frequency. between 20 and 35 Hz.

In the flexible case. the isolation system was
able to provide an average reduction of about 2 dB of
the transmitted force between 20 and 90 Hz.
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Figure

Discussion

The interpretation of the transmissibility ratios
is difficult because the transmissibility ratio is not
directly related to the sensitivity transfer function
(Equation (17)). Reductions of the force transmissibility
may be due to either a reduction of the transmitted
force. or an amplification of the disturbance force. In the
case of the rigid base, transmissibility and sensitivity
results show fairly good correlation. This suggests that
the disturbance force is not modified significantly. In
the case of the flexible base. the sensitivity resuits show
that the transmirted force is increased between 120 and
250 Hz. The reduction of the transmissibility ratio over

9

this range is thus seen to be due to amplification of the
disturbance force. :

The interpretation of the sensitivity transfer
functions focused on two aspects: the effect of the
conwol design parameters q and W, on the shape of the
sensitivity transfer function; and the differences in the
sensitivity transfer functions between the rigid and
flexible cases.

The sensitivity transfer function is given by
Equation (3). The poles of S(s). also called optimal
closed loop poles. are the zeros ot 1+ G,.(s)K(s)=0. The
zeros of S(s) are the poles of Gy(s) (open loop poles),
and the poles of K(s). Hence. a maximum should be
observed at the optimal closed loop poles, and a
minimum at the open loop poles and controller poles.

- The effect of q on the shape of the sensitivity
transfer function can be interpreted by assuming no
modeling errors, ie. that the states are perfectly
estimated. The state equations of the system with
perfect state feedback and no direct feedthrough of the
input to the output are:

X=(A-bX (19)
where the controller gain K is given by: 4
K= r"bu'P (20)

and P satisfies the so-called Algebraic Ricarti Equation:

PA+ AP -Pbrb/P+ Q=0

where Q=qC'C. The optimal closed poles in the case of
pure state feedback are given by the equation:

a,(8)a,(-s) _

l+q .~ - =
a,(8)a,(-s)

(22)

where the weight on the controf input is assumed to be
1, ax(s) and ai(s) are the numerator and denominator of
the open loop transfer function G,.(s), respectively. For
low values of q, the optimal closed loop poles are the
stable open poles and the mirror images of the unstable
ones. For high values of q, they tend towards the stable
open loop zeros, the mirror images of the unstable ones,
or towards infinity in the Butterworth pattern. Figures
17 and 18 show the loci of the optimal closed poles in
the rigid and flexible case respectively.

In the rigid case, the poles corresponding to
the first actuator resonance tend toward the double zero
at the zero frequency, whereas the poles corresponding
to the second actuator resonance tend toward a double
real zero at about -2800 rd s”'. In the flexible case, the
poles corresponding to the first actuator resonance also
tend toward the double zero at the zero frequency. The
poles corresponding to the first beam resonance tend
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toward two real zeros at about -1400 and -2600 rd s’
respectively. The poles corresponding to the second
actuator resonance tend toward two lightly damped
zeros at about = 3000i. In both cases. the closed loop
stability of first actuator mode is jeopardized by the
non-minimum phase property of the piant transfer
function. i.e. the presence of the double zero at the zero
frequency. In the flexible base case, the closed loop
stability of the second actuator mode is compromised
due to the presence of the beam mode.
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Figure 17. Rigid Base: loci of the optimal closed poles
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Figure 18. Flexible Base: loci of the optimal closed poles

To be consistent with the assumption of
perfect state feedback, the theoretical results should be
compared to the experimental resuits for which W, is
the highest. From the loci of the optimal closed loop
poles. and from what was said about the poles and zeros
of the sensitivity transfer function, poie-zero cancellation
should occur at low values of q, and pole-zero
separation should increase as q increases. This
evolution can be observed experimentally in the rigid
case. by comparing Figures 13 and 14 at about 25 and
290 Hz Low stability margins in the flexible case did

10

not permit g to be increased sutficiently so that pole-
Zero separation occurs.

To interpret the etfect of Wq on the shape of the
sensitivity transter function. the dynamics of the
estimator must be taken into account. If no modeling
errors are made on the system. the optimal poles are
still given by Equation (22). However, the states will
not be estimated instantaneously. The dynamics of the
estimator can be represented by:

£=(A-10%

(23)
where i_ is the error on the states (difference between
actual states and the estimated states), A the system
evolution marrix, C the system output matrix. and ] the
estimator gain. | is given by:

l- = ZC‘@" (24)

where © is the noise power spectrum density
and X satisfies the so-called Filter Algebraic Ricarti
Equation (FARE):

TA+A'Z-IC'O'CI+W, =0 %)

Taking the transpose of Equations (20), (21)
and (22):

..._';(_: =(At__ctlt)-:-\.l (26)
l: =@"CS' (:7)
A +AE'-Z'C'®"C§'_' +\1V0‘ =0 (28)

The determination of the estimator gain

becomes formally similar to the determination of the
state feedback gain. In Equations (27) and (28), © plays
the same role as r in the state feedback gain design. and
W, the same role as q. Hence. conclusions can be
drawn on the effect of W, on the locations of the
estimator poles for a fixed ©. by direct analogy with the
effect of q on the optimal closed poles for a fixed r. In
fact. the estimator poles are given by Figures 17 and
18. where increasing q just needs to be replaced by
increasing Wo.

In the rigid case. the estimator poles
corresponding to the first actuator resonance tend toward
the zero frequency, and do not experience any significant
change in damping. The estimator poles corresponding
to the second actuator resonance decrease in frequency
and become more damped. Hence, the rate of
convergence of the error on the states associated with
the second actuator mode is likely to increase as W,
increases. :

In the flexible case, the estimator poles
corresponding to the first actuator resonance follow the
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same trend as in the rigid base case. The estimator
poies corresponding to the beam resonance decrease in
frequency and become more damped. The estimator
poles corresponding to the second actuator resonance
tncrease in frequency and. at first, increase in damping,
then decrease again in damping. Hence. the rate of
convergence of the error on the states associated with
the beam mode is likely to increase as W, increases.
The rate of convergence of the error on the states
associated with the second actuator mode first increases
and then decreases again as W, increases.

This trend can be observed experimentally in
the rigid base case. Figures 13 and 14 show that
increasing W, increases the upper limit of the control
frequency bandwidth, but also resuits in a higher peak
sensitivity above the control frequency range. Again,
low stability margins in the flexible case did not permit
W, to be increased sufficiently to observe its effect on
the control frequency range.

Increasing q (because it resuits in higher
controiler gain) generally improves the level of
reduction within a given bandwidth, and increasing W,
increases the control bandwidth. However, they
also affect the sensitivity above the control bandwidth.
This general phenomenon is a consequence of Bode's
integral theorem [14], which states that the integral of
the sensitivity over frequency is constant for a given
plant.

In the preceding discussion. the mathematical
mode!l for the system was assumed to be perfect
However. modeling errors during the system
identification are inevitable. so that the effective closed
loop poles are not exactly given by the optimal closed
loop poles.

Differences in the sensitivity transfer functions
between the rigid and flexible cases. namely the
decrease in the level of reduction and the upper limit of
the control frequency range, can be attributed to: the
additional plant phase delay due to the presence of
additional resonances in the secondary plant tansfer
function. and additional computer time delay due to the
higher complexity of the controller transter function.

CONCLUSIONS

The experiments demonstrated the ability of an
active isolation system using a flexural piezoelectric
inertial actuator to perform broadband isolation in the
case of a payload rigidly mounted to a rigid or flexible
base. In the rigid case. an average 6 dB reduction of the
transmitted force between 35 and 110 Hz was obtained.
In the flexible base case, an average reduction of 2 dB
between 20 and 90 Hz was obtained. These results are
not as good as those obtained in other studies of active
broadband isolation {2.8]. This difference can be
explained bv two facts: (1) the experiments were
conducted using a disturbance frequency spectrum
including the first two actuator modes although, in

It

principie. the actuator could be designed to put at least
one of these modes outside the disturbance spectrum:
and (2) the actuator modes. by comparison to those of a
hvdraulic actuator like the one used in [2] or (8], are
very lightly damped and, due to the doubie zero at the
zero frequency (inherent to any inertial actuator), the
first actuator mode can easiiy become unstable in closed
loop conditions. This shows that the design of the
actuator should focus on two main aspects: place as
many actuator modes as possibie outside the
disturbance spectrum: and increase the damping of the
actuator modes located inside the disturbance spectrum.

A constrained layer damping treatment was
shown to significantly improve the damping of the
actuator modes, however, not enough to provide the
same stability as a hydraulic actuator [2,8], or as a
hybrid mounting system with a damped passive
isolation stage, such as shape memory alloys springs in
paralle! with a piezoelectric stack actuator [9]. Another
difficulty in using a damping system that relies on
deformations in the actuator itself is that the amount of
added damping may be much lower in clamped root
condidons than in free root conditions. This solution
might not be suitable in the case of a rigid or slightly
flexible base, as in the experiments conducted here.
However, limitations inherent to feedback control, like
the additional plant phase delay. are such that the
isolation system is still more erficient for a rigid base
than a flexible base.

The control design methodology used proved
to be effective in dealing with the limitations of the
actuator and the feedback control itself. Specifically, the
use of fictitious disturbance and performance fiiters
helped obtain the desired shape for the sensitivity
tansfer function while maintaining closed loop
stability. The weight on the output. q. was found to
govern pole-zero separation and thus the smoothness of
the sensitivity transfer function. The power spectrum
density of the fictitious white noise disturbance. W,
was found to govern the upper limit of the control
frequency range. Increasing both q and W, was shown
to increase the peak sensitivity above this frequency
range.

A significant decrease in the level of isolation
and its frequency bandwidth was observed in the case of
the flexible base. This was mostly due to the additional
beam mode, which tends to destabilize the second
actuator mode in closed loop conditions, and to
additional unmodeled computer time delay.

RECOMMENDATIONS

" Future work could be oriented in two main
directions: plant design, and control system design. In
the plant design. the amount of damping in the
actuators appeared to be crucial in controlling the
stability of the closed loop system. Techniques to
increase more significantly the modal damping ratios
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without reducing the force at non-resonant trequencies
should be investigated.  Resistively  shunted
piezoceramics [15] would be good candidates. as they
provide most of their damping over a narrow frequency
range. In the control system redesign, other robust
control methods, such as H., could be tried. Mainly,
some model of the physical path from the actuator to
the force transducer at the shaker-actuator interface could
be obtained. and included in the design of the
controller.
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