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ABSTRACT 

This report describes research performed over the period 1st January 2000 to 31st 

December 2000 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the 
topic "Acoustic Transduction Materials and Devices". This program brings together researchers 
from the Materials Research Laboratory (MRL), the Applied Research Laboratory (ARL) and 
the Center for Acoustics and Vibrations (CAV) at the Pennsylvania State University. As has 
become customary over many years, research on the program is detailed in the technical 
appendices of published work, and only a brief narrative description connecting these studies is 
given in the text. 

The program combines a far reaching exploration of the basic phenomena contributing to 
piezoelectric and electrostrictive response with the highly applied thrusts necessary to produce 
the "pay-off in new applications relevant to Navy needs. Polarization vector tilting in the 
ferroelectric phase of perovskite structure crystals at compositions close to a morphotropic phase 
boundary (MPB) was first underscored on this program some four years ago, and is now widely 
accepted as one mode for exploiting the large intrinsic spontaneous strain in the ferroelectric to 
produce exceedingly strong anhysteritic piezoelectric response and very large electric field 
controlled elastic strain. New evidence for the importance of both spontaneous (monoclinic) and 
electric field induced tilting on the properties of both single and polycrystal MPB systems is 
presented in this report. 

The puzzling phenomena associated with relaxor ferroelectric response have long been a 
topic of study in MRL, where the micro-polar region model and the application of Vogel/ 
Fulcher to the dielectric slowing down were first applied. The current "pay-off is in the greatly 
enhanced relaxor ferroelectric electrostrictive response from high electron energy irradiated 
polyvinylidene difluoride: triflouroethylene (PVDF: TrFE) co-polymer discussed in this report. 
This development opens a new field of high strain, high energy density actuators with 
tremendous practical applicability. Now the possibility of engineering this response by chemical 
manipulation in the terpolymer systems without irradiation further enhances the exciting 
possibilities. 

In composite structures, the early promise of the flextensional cymbal type actuators is 
now being fully realized and programs exploring large area cymbal transducer arrays are 
progressing very well, both at MRL/ARL and at NRL. The connection with CAV at Perm State 
is particularly important in keeping the MURI faculty aware of problems endemic to water as our 
host medium and the effects of turbulence in flow and the need for many types of acoustic noise 
control. 

New designs of piezoelectric transformers and motors are demanding materials with 
lower loss levels under continuous high driving, and important progress is reported in separating 
and understanding the components of this loss and in designing new doping schemes for 
ceramics which enhance power capability almost tenfold. New piezoelectric micro-motor 
designs look particularly attractive and appear to offer significant advantages over 
electromagnetics for very small-scale applications. Thick and thin film studies for MEMS are 
progressing well and offering new insights into fatigue and switching behavior in the 
ferroelectrics. 
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Abstract: The turbulent boundary layer that forms downstream of a surface 
discontinuity is locally inhomogeneous. Here, we consider the boundary layer 
that occurs downstream of a rearward facing step discontinuity on a flat plate 
that is exposed to a zero incidence, uniform subsonic flow. The wall pressure 
"point" spectra are measured by small, flush-mounted pressure transducers 
located at various locations downstream of the step. A new form of the non- 
dimensional point wall pressure auto-frequency spectrum is proposed that 
includes the statistical variations of the reattachment location. This form is 
shown to collapse quite well all of the spectra measured slightly upstream, 
within, and downstream of the flow reattachment location. 
©1999 Acoustical Society of America 
PACS numbers: 43.50.Nm, 43.28.Ra, 43.50 Yw 

1. Introduction 

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

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

2, and 
on the time scale 87U0, where 8* is the TBL displacement thickness, p0 is the fluid mean density, 
and TJ0 is the free stream velocity. The higher frequencies scale on viscous variables. 

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

In this study, we consider the scaling of the point wall pressure spectrum downstream 
of a surface step discontinuity, which is more complex than that of a typical nonseparating TBL 
on a flat plate under zero pressure gradient conditions because of additional length scales, 
nonhomogeneous flow statistics, and reversed flow patterns. An experiment to characterize the 
statistics of the wall pressure fluctuations that occur downstream of a rearward facing, 2-D step 
on a flat plate has been conducted. Presented are scaling relationships that can be used to predict 
the auto-spectral characteristics of the wall pressure fluctuations for similar situations in which 
experimental data are unavailable. It is found that the spectra scale on the height of the step, the 
mean velocity upstream of the separation point, and on the variance of the estimated distance 
from the reattachment point-to-the point of measurement. By incorporating the variance between 
a fixed measurement location (or point of interest) and the reattachment point, which is known 
to be chaotic, a useful scaling law is established that has no singularity3 when the measurement 
location happens to correspond to the reattachment location. This scaling relationship is different 
from earlier proposals45 for a similar flow, and provides a better collapse of the experimentally 
measured spectra. 

2. Experimental setup 

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

INFLECTIONAL  PROFILE  AT  SEPARATION 

SOUND RADIATION DUE TO 
FLOW AND STRUCTURE 

SOUND   RADIATION 
DUE  TO STRUCTURE 
(FOR HIGH TL MATERIAL) 

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

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

3. Flow reattachment 

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

0 5. 

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

4. Wall pressure fluctuations in reattachment region 

The tube microphone was mounted at many streamwise locations along the centerline of the test 
plate. The signals were collected and analyzed using a Zonic System 7000 digital signal 
processor that was controlled by a Digital Equipment Corporation VAX Station 3100 m38. The 
spectral bandwidth is typically 3.125 Hz. Sufficient spectral averages were used to reduce 
random error to within ±1 dB. Figure 3 shows the variation of root-mean-square wall pressure 
through the reattachment region. The peak rms level is high; it is only 24 dB below the dynamic 
head of the flow. It is seen to occur from 7 to 8 step heights downstream of the step. 

The mean position of the flow reattachment region occurs at approximately 6 step 
heights downstream. Figure 4 shows the details of these variations with flow speed. The 
location of peak rms wall pressure is a short distance downstream of the mean position of flow 
reattachment. This difference is possibly due to the short lag time required for the new TBL to 
form and generate pressure producing velocity fluctuations. 
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The wall pressure spectral measurements were performed over extensive ranges of flow 
velocity (7.82 <: U0 < 25.1 m/s) and streamwise location (3.0< x/h z 24.38). The various types 
of TBL wall pressure spectrum scaling1 A5 were considered in an unsuccessful attempt to collapse 
the current spectral data into a single, reasonably well-bounded, universal function. Thus, 
traditional Spectral normalization'methods appear to be inappropriate for the pressure fluctuations 

occurring downstream of a step discontinuity. As noted previously,3 and also from the data of 
Fig. 3, we recognize that on both sides of the mean reattachment location, the mean-square wall 
pressure decreases approximately as \x-xr\

_1. This means that the spectral amplitude should be 
weighted by such a factor to compare spectra measured at various locations. The dependence 
of the spectral magnitude on velocity is found to be satisfied by the outer (inertial) flow scaling 
typical of TBLs, i.e., spectrum level is proportional to q2. The time scale h/U0 appears to be a 
more appropriate scale than 57U0. Physically, this means that the time scale of the wall pressure 
fluctuations is similar to that of the separation-induced vortex. 

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

¥2 = E[(x-xr)
2] = (x-xrf+ cx

2 , (1) 

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

Gpß y U0        „, fh 
2h2 ut 

vs.        J- . (2) 
q 

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

5. Conclusions 

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

Fig.5. Dimensionless point power spectra of the local wall pressure 
fluctuations measured upstream (x/h = 3.05), near (x/h = 6.10), and 
downstream (x/h =12.19) of the mean position of flow 
reattachment. The range of velocities for these measurements is 
from 7.82 to 25.1 m/s, and the step height, h = 2.5 cm. 
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Semi-empirical models for unsteady lift and drag are developed to predict the spectral features 
of the unsteady forces on a finite-length, right circular cylinder in cross-flow. In general, the 
models consist of two parts; the spatial variation of r.m.s wall pressure on the cylinder, and the 
correlation lengths which describe the spatial extent of the correlation of the unsteady wall 
pressures. Experiments were conducted in a low noise wind tunnel as a function of cylinder 
diameter Reynolds number (19200 < Re < 32000) and the Strouhal number (005 < 
St < 3-33), to measure the statistics of the unsteady wall pressures on a model cylinder. These 
results are incorporated into the theoretical models, and predictions of the spectral character- 
istics of the lift and drag are made. The r.m.s. wall pressures on the cylindrical surface are found 
to have the largest amplitude near the cylinder end-cap, and on the rearward portion of the 
cylinder body. The high levels in these locations are attributed to the separated flow region over 
the end-cap. The circumferential and axial length-scales decrease exponentially with Strouhal 
number. Both length-scales exhibit maxima near the Strouhal shedding frequency of St = 0-21. 
The axial length-scales are found to depend on the measurement reference location due to the 
three-dimensional flow and separated flow region near the end-cap. The unsteady lift and drag 
predictions using the models developed in this work agree well with previously measured 
unsteady force data measured on inertial hydrophones exposed to flow. The broadband 
unsteady lift is found to be greater than the broadband unsteady drag by nominally 3 dB. 

© 2000 Academic Press 

1. INTRODUCTION 

MOORED OR SUSPENDED UNDERWATER ACOUSTIC SENSORS are used in numerous applications for 
the measurement and localization of underwater sound sources. The performance of these 
sensors is degraded by the presence of various background noise sources such as, oceanic 
ambient noise, electronic noise, mechanical suspension-induced noise, and flow noise. Flow 
noise results from the sensor being located in an environment where fluid flows over the 
body of the sensor. In the case of sensors configured as bluff bodies, the fluid is disturbed as 
it passes over the sensor, resulting in turbulence on the surface and in the wake of the body. 
The turbulence produces time-dependent pressure fluctuations on the surface of the sensor, 
which result in unsteady lift and drag forces acting on the sensor. Pressure, pressure 
gradient, and acoustic velocity hydrophones, in addition to acoustic intensity probes, 
respond to these unsteady body forces, resulting in a spurious signal known as flow noise. 
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The problem is particularly important for inertial sensors; the outputs of which are 
proportional to velocity or acceleration. One common shape used for underwater acoustic 
sensors is that of a finite-length right circular cylinder. Finger et al. (1979), and McEachern 
& Lauchle (1995) have shown that the unsteady forces on such finite-length cylinders can 
result in flow-induced self-noise being the major component of the transducer output signal. 
Similar results were identified for spherical-shaped hydrophones by Lauchle & Jones (1998). 

Significant research has been performed on the measurement and prediction of unsteady lift 
and drag on two-dimensional, or "infinite length", cylinders in cross-flow. Ribeiro (1992) 
provided a comprehensive review of the fluctuating lift and spanwise correlation characteristics 
determined for 2-D cylinders. Considerably less work has been done on finite-length, or 3-D 
cylinders, due to the complexity of the problem and due to the limited application of the results. 

The work of McEachern (1993), and McEachern and Lauchle (1995) quantified the 
unsteady lift and drag on finite-length, cylindrical-shaped hydrophones of various aspect 
ratios and end-cap corner radii. They found that the flow-induced noise on a pressure 
gradient, or acoustic velocity hydrophone decreases as the aspect ratio and corner radii 
increases. McEachern & Lauchle (1995) observed that the unsteady force spectra are broad- 
band, and contained considerable energy at frequencies above the predicted vortex-shedding 
frequency. This observation is consistent with those of Keefe (1961) who noted that the flow 
over the endcap causes a decorrelation of the vortex-shedding process behind the cylinder, 
resulting in wake energy which is more broadband in nature. Farivar (1981) measured 
fluctuating pressures and forces on a cylinder with one end free and the other end mounted 
to the wall of a wind tunnel. The length-to-diameter ratio (L/D) ranges from 2-78 to 12-5 at 
a Reynolds number based on free-stream velocity and cylinder diameter of 7-0 x 104. 
Definite vortex-shedding frequencies are present on the signals of the pressure sensors for 
L/D > 7-5, but for smaller aspect ratios, no discrete shedding frequency was detected. 

Baban et al. (1989) measured unsteady forces on both a 2-D cylinder and a 3-D cylinder 
with one free end. Flow visualization showed an unsteady flow reversal region behind the 
3-D cylinder of approximately two cylinder diameters in streamwise length, and of width 
comparable to the span (L) of the cylinder. A strong correlation between the fluctuating lift 
and the fluctuating streamwise velocity component was evident for the 2-D case; however, 
for the 3-D experiment, correlation was essentially nonexistent. The presence of the 
separated flow over the end of the cylinder inhibits the formation of coherent vortices along 
the span of the cylinder. Also, the large unsteady recirculation zone behind a finite-length 
cylinder breaks up the coherent vortices shed by the cylinder. The fluctuating local drag for 
the 3-D case was found to be larger than the fluctuating local lift measured near the free end 
of the cylinder. 

Due to the complexity of the flow field for any given sensor orientation, no analytical 
model for the unsteady forces generated on a finite-length circular cylinder in either steady 
or unsteady flow exists. The objective of this work is to develop semi-empirical models for 
the statistics of the surface pressure field, in order to predict the spectral features of the 
unsteady forces on finite-length, right circular cylinders in unifrom, steady cross-flow. These 
models can be used for the prediction of the statistical features of the flow noise signal of 
acoustic sensors of interest. 

2. THEORY 

2.1. GENERAL FORMULATION 

The coordinate system for the circular cylinder is shown in Figure 1. The total unsteady 
drag on a cylinder can be found by the integration of the projected surface pressures in the 
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Flow 

Figure 1. Coordinate system for the right circular cylinder in cross-flow. 

x-direction over the surface area of the cylinder: 

Mt) = a 
o Jo 

p(9, z, t)cos6d8dz, (1) 

where p(0, z, t) is the unsteady pressure on the surface of the cylinder body. Similarly, the 
fluctuating lift can be found by replacing the cosine term in equation (1) with a sine term. 
The autocorrelation of the unsteady drag, using the notation of Bendat & Piersol (1986) for 
stationary signals, may be represented as 

Ä«W = KfMfxit + T)], (2) 

where the variable T is the time displacement between any two signals and E[ ] represents 
the expected value which is an ensemble average over N records. Substitution of equation 
(1) into equation (2) yields 

CL 
Rxx(x) = a2 

CL 

Oj o. 

'2K 

E[p(0, z, t)p(&, z', t + x)] cos d dO cos ff äff dz dz'. (3) 
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Taking the temporal Fourier cosine transform of equation (3) twice, results in the 
one-sided autospectrum for the unsteady drag: 

Gxx(f) = a2 r(9,6',z,z',f)cos6decosd'de'dzdz',   />0. 
ojo Jojo (4) 

Here r(0,6',z,z',f) is the one-sided cross-spectral density function of the unsteady 
pressures on the cylindrical surface. The autospectrum for the unsteady lift is found by 
replacing the cosine terms in equation (4) with sine terms. 

It can be seen by equation (4) that the unsteady lift and drag forces on the cylinder can be 
calculated if the wall pressure cross-spectra among all points on the body of the cylinder are 
known. Due to the number of measurements required for this method, few researchers have 
adopted this approach. However, such measurements are possible, and easier to perform 
using modern computer-aided data-acquisition methods. In this research we have adopted 
the approach described in equation (4), and the results are used to form a model of the 
cross-spectral densities. In the following section, unsteady lift and drag models will be 
developed in terms of correlation areas so that future calculations of the unsteady forces on 
similar cylinders in cross-flow can be performed with only a limited number of experimental 
measurements. 

2.2. MODELS FOR THE UNSTEADY LIFT AND DRAG 

A correlation area, Crighton et al. (1992) for unsteady drag is defined as 

S   (f6z) = flf Sfo*^ 6> °'> z> z')cos9'd9'dz' 
' ; r(f,e,z) ' (5) 

where r(f, 9, z) represents the one-sided autospectrum of the wall pressure fluctuations at 
locations 9 and z. The larger the region over which the pressures are correlated, and hence 
the larger value for the correlation area, the larger will be the unsteady drag on the cylinder. 

If one assumes the circumferential and axial components of the cross-spectral density are 
separable, similar to the Corcos (1964) theory for turbulent boundary layer wall pressure 
spectra, the correlation area for unsteady drag can then be represented as 

SM,e,z) = aAx{f,6,z)Az{f,e,z), (6) 

where Ax(f, 9, z) and Az(f, 9, z) are integral length-scales in the circumferential and axial 
directions, respectively; see Crighton et al. (1992) for a complete description of length-scales. 
Before defining the integral length-scales for the cylinder, a change of variables will be made 
in the cross-spectral density representation used in equation (4). In particular, let 9' be 
replaced by the separation angle Ad, and z' be replaced by the separation distance Az. The 
new variables clearly show that the measured cross-spectral densities are a function of both 
measurement location, and separation distance. With the specified changes in variables, the 
circumferential correlation length, in radians, for the unsteady drag is defined as 

Ax(f,0,z)= !2" er(
rff

e'Ae\os(e + A9)dA9, (7) 

and the circumferential correlation length for the unsteady lift is 

Ay{f,9,z)=\^     ^  'e    'sm(9 + A9)dA6, (8) 
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The axial correlation length, in the units of z, is defined as 

<-L~*r{f,z,Az) 
A,(f,0,z) = dAz. (9) 

M8,z) 

The last step in the modeling of the unsteady lift and drag forces, is the definition of 
a simplified representation for the unsteady surface pressures on the cylinder. Let r(f, 6, z) 
be represented by 

r(f, e, z) = GPrPr(f, e„ zr)A(e, z), (io) 
where GPrPi(f, 0r, zr) is a reference autospectral density of the wall pressure, p„ at a specified 
reference location (6„ zr), and A(6, z) is a deterministic function describing the dependence of 
the mean-square value of the unsteady pressure on measurement location. For this invest- 
igation, GPrPr is taken at the point, 0r = 80° and zr/D = 10. This chosen value of 9r coincides 
with the typical position of boundary layer separation from the surface of a cylinder in the 
subcritical flow regime. 

Substitution of equations (10), (9) and (7) into equation (4) results in the final form of the 
model for the unsteady drag on the cylinder in cross-flow: 

G„{f) = GPrPr(f, 0„ zr) L2 T r^Af, B, MM Ö, z)A(6, z)cos 6dödzj.        (11) 

Replacing the cosine term in equation (12) with a sine term, and changing to the circum- 
ferential lift correlation length, yields the final form of the model for unsteady lift: 

Gyy(f) = Gpp (/, 0„ zr) la
2 f P"/i,(/, 0, z)Az(f, 9, z)A(0, z)sin 0d0dzj. (12) 

I    Jo Jo J 

The next section will present the experimental methods used to measure the unsteady 
pressures on the cylinder body. The experiments involve the measurement of the 
space-frequency correlations of the fluctuating wall pressures. Analysis of the measure- 

ments will determine the length-scales and functional forms of the parameters needed in 
equations (11) and (12). 

3. EXPERIMENTAL SETUP 

3.1. WIND TUNNEL 

Fluctuating wall pressure measurements were made on a 0-305 m long and 0153 m 
diameter aluminum cylinder in a specially designed low-noise wind tunnel located in 
a hemi-anechoic chamber. The cylinder was rigidly mounted to a stinger attached to the 
midpoint of the cylinder at the rearward stagnation point. This mounting arrangement 
provided a finite-length cylinder with two ends which were free of mounting induced flow 
disturbances. A side-view of the wind tunnel test-section is shown in Figure 2. The 
contraction section of the wind tunnel, which has an 11:1 contraction ratio, leads to 
a 0-457 m square test-section, which is 1-50 m long. Downstream, the test-section diffuses at 
a 7° angle to slow the flow, thereby minimizing acoustic radiation from the trailing edge of 
the open-ended exit. The cylinder was held by a 0-305 m long sting attached to a vertical 
steel tube with an aerodynamic cross-section. 

Prior to making unsteady pressure measurements on the cylinder, both the mean, Um 

and the fluctuating, u', velocity field in the test section were characterized. Mean velocity 
profile surveys were conducted over a plane normal to the flow direction and situated at the 
leading edge of the cylinder. The flow speeds considered were 1-83,2-44 and 3-06 m/s, which 
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Test-section 

Pressure transducers (4) 
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/////////// 
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Figure 2. Side view of wind tunnel test-section with cylinder mounted in test position. 

correspond to cylinder diameter Reynolds numbers of 19200,25600, and 32000, respective- 
ly. The mean velocity across the test-section was within ± 20% of that measured at the 
centerline. The streamwise component of turbulence intensity at the same location was less 
than 0-5% for all three speeds. 

3.2. UNSTEADY WALL PRESSURE MEASUREMENTS 

Unsteady wall pressure measurements were made at the Reynolds numbers noted in 
Section 3.1 and over a frequency range of 1-40 Hz, corresponding to Strouhal numbers, 
fD/Ux, ranging from 005 to 3-33. For brevity, detailed results for Re = 19200 and 32000 
will be presented in this paper. Results for Re = 25 600 will be used to formulate conclusions 
and to verify the scaling relationships developed. For all Reynolds numbers, a detailed map 
of the unsteady wall pressure field on the body of the cylinder was acquired. Spectral data 
were obtained using a Hewlett Packard (HP) 3567A dynamic signal analyzer. The analyzer 
was set up with: 256 averages, Hanning window, 800 lines of resolution, and a 2048 line 
FFT. The acquired data were corrected to a 1 Hz bandwidth. The wind tunnel background 
noise measurements were made using a 0-635 cm diameter Briiel and Kjaer (B&K) model 
4138 microphone, and a B&K model 2633 preamplifier. Prior to mounting the model in the 
test section, the background noise of the tunnel was measured at all three flow speeds using 
the B&K microphone mounted in a slit tube. The slit tube allows measurement of the 
background acoustic noise in a wind stream while discriminating against boundary layer 
flow noise on the sensor. The unsteady pressures on the surface of the cylinder were 
measured using four individual Endevco 8507C-2 piezoresistive pressure transducers. These 
transducers have an active sensing diameter of 0-234 cm. 

The cylinder model had a series of 2-67 mm diameter holes drilled in the surface, and the 
transducers were press-fit into these holes. When the holes were not being used for pressure 
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measurements, they were filled with modeling clay and faired smooth with the surface of 
the cylinder. Holes were drilled from 9 = 80 to 180°, in 10° increments at eight spanwise 
locations: z/D = 008, 017, 0-33, 050, 0-67, 083, 1-0, and 1-91 measured from the end-cap 
(Figure 1). At the cylinder centerline, z/D = 10, holes were also drilled from 0 = 0 to 80°, in 
10° increments. Lastly, at 80 and 90°, a spanwise array of holes were drilled at z/D = 1-33, 
1-50,1-67,1-75, and 1-83. The hole locations allowed the pressure transducer measurement 
locations to be systematically varied over the cylinder in both the circumferential and axial 
directions. 

4. RESULTS 

4.1. UNSTEADY WALL PRESSURE POWER SPECTRAL DENSITIES 

The flow field about the cylinder in the 0-direction is expected to be non homogeneous due 
to laminar, turbulent, and separated flow regions. Figure 3 shows the circumferential 
variation of the unsteady wall pressure power spectral densities at axial locations z/D = 10 
and 008. It is evident from Figure 3 that the unsteady wall pressure magnitudes depend on 
the circumferential measurement location. Although the spectra of the unsteady pressure 
fluctuations vary with location, the character, or shape, of each curve is consistently 
the same. The lowest levels are where the boundary layer is laminar and attached to the 
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Figure 3. Circumferential variation of the unsteady wall pressure power spectral density for Re = 32 000. (a) 
z/D = 1-0, (b) z/D = 008. 
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surface of the cylinder. They increase towards the rearward portion of the cylinder. Also, as 
one proceeds from the centerline towards the end-cap of the cylinder (z/D = 10-008) the 
spectral level increases for a given circumferential location. This result is consistent with 
the findings of Farivar (1981), who found a maximum in the unsteady wall pressures near 
the free end of a cantilevered cylinder. 

In order to facilitate the modeling of the unsteady forces on the body, a functional form of 
the root-mean-square (r.m.s.) value of the unsteady wall pressures on the cylinder body was 
determined using curve-fitting routines. The r.m.s. unsteady wall pressure levels, for 
Re = 32000 and 19200, are shown in Figure 4. Note that the r.m.s. pressures are normalized 
by the dynamic head of the free stream, q = \/2pU2

x. For Re = 19200, an increase in the 
unsteady pressure level is evident only for spanwise locations z/D ^ 0-33, while for the 
higher Re, the level appears to increase continuously with increases in z/D. The general 
increase in level as the end-cap is approached is not unexpected because a complicated 
separated flow field exists there, e.g., see flow visualization photographs in McEachern 
& Lauchle (1995) or McEachern (1993). In general, the boundary layer separates off the 
leading edge of the end-cap and eventually mixes with the other separated boundary layer 
that exists on the cylindrical part of the body. At higher values of the Reynolds number, this 
mixing occurs downstream, away from the measurement transducers; thus, the levels of 
Figure 4(a) tend to reach their maximum and stay there. At the lower Reynolds number, 
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Figure 4. The r.m.s. values of the unsteady wall pressure for all measurement locations on the cylinder body for 
(a) Re = 32 000 (b) Re = 19 200: -*—, z/D = 0-08; -t-, z/D = 017; —O—, z/D = 0-33; —A—, z/D = 0-50- —D— 

z/D = 0-67; -^O—, z/D = 0-83; —x—, z/D = 1-00. 
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Figure 4(b), the mixing zone of these two separated boundary layers moves further 
upstream and the pressure transducers respond to the increased turbulent activity. Local 
reattachment of the shear layer also contributes to the high unsteady pressure levels. 

The cylinder centerline separation point (0r = 80°, zr/D = 10) is used as the reference 
location for the autospectral density, GPrPr(f, 0r, zr), in equation (10). The reference autospec- 
tral density captures the frequency dependence of the unsteady pressures at a well-defined 
point on the surface of the body. The curve fitting allows us to derive an empirical equation, 
A(6, z D), which describes the variation of the r.m.s wall pressures at any location on the 
cylinder body relative to that at the reference location. 

The r.m.s. unsteady wall pressures were modeled in three ways: a third-order polynomial 
surface fit, a second-order polynomial surface fit, and a separable model. It was found that 
the separable model of the unsteady wall pressures overpredicted the measured unsteady 
force on the cylinder by 10 dB. Clearly, the assumption of separability of the circumferential 
and axial dependence of the unsteady wall pressures is a weak one. Both the second- and 
third-order polynomial surface fits result in similar predictions of the unsteady forces on the 
cylinder; however the second-order polynomial surface fit requires four fewer empirical 
coefficients, six versus 10. Therefore, results for the second-order polynomial surface fits are 
presented here. Figure 5 shows a surface plot of the experimental data, and the second-order 
polynomial surface fit of these data at Re = 32000. The second-order surface fit is described 
by 

A(8, z/D) = —{cxzjb + c262 + c3zD6 + c4zD + c56 + c6), 

where 
Cl = 0013,   c2 = 0-027,   c3 = 0-018,   cA = - 0-102, 

c5 = -0125,   c6 = 0-242,   and zB = z/D. (13) 

The quantity pr
tms is the reference r.m.s. pressure fluctuation value, and the empirical 

constants c^-Cf, are an arithmetic average of the coefficients fit for the data from all three 
Reynolds numbers tested. The second-order polynomial surface fit captures the gross 
features of the r.m.s values of the wall pressure fluctuations on the body of the cylinder 
within the range of Reynolds numbers considered. The fine-scale details are not captured 
because of the models selected. 

4.2. CIRCUMFERENTIAL CROSS-SPECTRAL RESULTS 

The circumferential length-scales, equations (7) and (8), are calculated using the measured 
unsteady pressure cross-spectral data as a function of reference location, axial location, and 
frequency (or Strouhal number). Cross-spectra were measured at discrete pairs of separ- 
ation points, but the correlation length calculation requires a continuous representation of 
the cross-spectra as a function of separation distance. Therefore, a third-order polynomial 
fit to the measured cross-spectral data is numerically integrated to produce the correlation 
lengths. This process is repeated for each frequency and given reference location. Significant 
frequency-to-frequency variation was observed in the calculated correlation lengths. This is 
due to the finite spatial resolution and narrow frequency resolution of the measurements. 
A finer spatial resolution would provide correlation lengths which are less sensitive to 
individual cross-spectral results in the curve fitting procedure. 

A least-squares fit to the circumferential lengthscales for unsteady lift and drag at five 
axial locations and Re = 32000 are shown in Figure 6. Additional axial locations and 
greater detail is shown in Capone (1999). In general, the unsteady drag correlation lengths 
are shorter than those for the unsteady lift. The correlation lengths all tend to peak around 
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Figure 5. Surface plot and surface fit of the r.m.s. unsteady wall pressures using a second-order polynomial 
surface fit at Re = 32000: (a) surface plot; (b) surface fit. 

the Strouhal shedding frequency of 0-21. Below St = 0-21 the correlation lengths are small, 
while above St = 0-21, the lengthscales decrease mildly with increasing St. The boundary 
layer thickness affects the wake thickness, and essentially the upper limit of the eddy size 
that can exist within the flow. Below a certain cut-off frequency, in this case around 
St = 0-21, the flow cannot support structures larger than the largest eddies in the wake; 
hence, the correlation lengths approach zero very rapidly. Turbulent eddies decorrelate as 
they convect. The smaller scale, higher frequency eddies decorrelate more rapidly than the 
larger ones for a given separation distance, resulting in a progressively decreasing correla- 
tion length with increasing St. 

The Strouhal number dependence of the correlation lengths is modeled using an equation 
similar to a Rayleigh probability distribution function. Here, the unsteady lift correlation 
lengths are represented by 

A . EiSt      r - St" 
Ay{St) ■■ 1 _L £iSt 

1 + —^r- exp El (2£f) 
(14) 

where Ex and E2 are empirical constants. 
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10 r 

Figure 6. Circumferential correlation lengths for unsteady lift and drag at Re = 32 000 with a reference location 
of 6 = 80° for (a) unsteady lift, (b) unsteady drag: , z/D = 008; , z/D = 0-33; —    —, z/D = 0-50; , 

z/D = 0-83; —, z/D = 1-0. 

The variation of the streamwise correlation lengths with axial location are determined 
from cross-plots of the length-scale data as a function of z/D. Unfortunately, the data points, 
as shown in Figure 6, show variation from location to location for certain discrete values of 
the Strouhal number. Approximately, however, the correlation lengths can be modeled 
assuming they remain essentially independent of z/D for axial locations, 0-5 =% z/D s* 1-0. 
For axial locations of z/D < 05, the correlation lengths decrease markedly and are more 
sensitive to changes in z/D. With these assumptions, the empirical curve fit for the axial 
variation of the unsteady lift length-scales is given by 

Ayiz/D) = exp [-&- z/D 00 < z/D < <2-0. (15) 

The final step in modeling the correlation lengths for unsteady lift and drag is to account 
for the variation in length-scale as a function of reference measurement location. This 
dependence is examined for circumferential reference locations: 6r = 80°, 100°, 120°, and 
140° and axial locations z/D = 100, 0-50, and 008. Figure 7 shows the least-squares fit to 
the unsteady lift correlation lengths at Re = 32000 for axial locations of z/D = 0-5 and 008 
and for the four circumferential reference locations. It is observed that, for z/D = 0-5, the 
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Figure 7. Circumferential correlation lengths for Re = 32000 and for circumferential reference locations 
6r = 80, 100, 120, and 140° for (a) z,/D = 0-5 and (b) z,/D = 0-8: , 0 = 80°; —, 0 = 100°-   0 = 120°- 

—    —0 = 140°. 

correlation lengths are essentially the same, independent of the reference location. At 
z/D = 008, a more noticeable variation in the correlation lengths is evident with circum- 
ferential reference location 0, = 80°, especially for Strouhal numbers less than 10. 

Gershfeld (1996) measured pressure cross-spectra in a spatially inhomogeneous turbulent 
wall pressure field near a blunt trailing edge of a lifting surface. He concluded, as we have, 
that the inhomogeneous nature of the wall pressure field can be captured primarily by the 
streamwise variation in the point power spectra. Here, the inhomogeneity seems to be most 
pronounced as the end-cap is approached. Sectional unsteady lift coefficients measured by 
Baban, et al. & Ottugen (1989) for a cantilevered cylinder, also show a slight decrease as one 
progresses towards the free end. Baban et al. attributed this to the highly three-dimensional 
flow near the end-cap which obviously contributes to the spanwise inhomogeneity observed 
for z/D = 008. Because the increase in lift correlation length is primarily evident only in the 
z/D = 008 axial range and for St < 10, the final form of the model for the circumferential 
length-scales will assume reference location independence. 

Based upon the assumptions discussed above, the final form for the circumferential 
length-scales for unsteady lift and drag are obtained from equations (14) and (15): 

Ay(St, z/D) = 

Ax(St, z/D) = 

1 + 
EiSt 

El  ' 
-exp 

-St 

<     E3St 
l+^-exp 

{2El) 

-St" 
l(2El)_ 

)exP[-(4-^ 

exp 

\2D 

["fr ■z/D 

(16a) 

(16b) 



UNSTEADY LIFT AND DRAG ON A FINITE CYLINDER 811 

where 
fit = 50,   E2 = 0-39   and E3 = 50. 

Predictions using equation (16) are compared to the circumferential length-scales at 
Re = 32000 in Figure 8. 

4.3. AXIAL CROSS-SPECTRAL RESULTS 

The axial length-scales, equation (9), were also calculated from the measured unsteady 
pressure cross-spectral data. These length-scales are computed as a function of reference 
location, streamwise location, and frequency, and a suggested model form is derived. 

The least-squares fit to the axial length-scales at Re = 32000 and 19 200 for circumferen- 
tial locations of 6 = 80, 120, 140, and 180°, and a reference location of zr/D = 008 are 
shown in Figure 9. As with the circumferential length-scales, the higher frequency, smaller 
scale eddies which produce the high-frequency pressure fluctuations decay faster than the 
lower frequency eddies, which results in a general decrease in Az with increasing frequency. 
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Figure 8. Empirical fit of the correlation lengths for unsteady lift and drag as a function of Strouhal number and 
axial location compared to measured data with a reference location of 6 = 80° and Re = 32 000 (a) unsteady lift, (b) 

unsteady drag. 
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Figure 9. Axial length-scales at Re = 32000 and 19 200 for circumferential locations of 0 = 80, 100, 120, 140, 
and 180°, and a reference location of z/D = 008 for (a) Re = 32000, (b) Re = 19200. 

The axial length-scales measured for all three Reynolds numbers are very similar in 
magnitude and spectral shape, consistent with West & Apelt (1997) who found that the 
spanwise length-scales on infinite cylinders are independent of Reynolds number over 
the range 104-2-l x 105. We will further assume that the dependence of Az on 0 is negligible. 
The Strouhal number dependence of the axial correlation lengths is therefore modeled using 
the empirical fit of the form 

A, 
D 

(St) = £4exp[-St°-75]. (17) 

The dependence of the axial length-scales on axial reference location is established by 
examining the data from only two circumferential locations because of the assumption that 
they are independent of circumferential location at constant z/D. Figure 10 shows the 
least-squares fit to the spanwise correlation lengths for 0r = 100 and 140° at Re = 32000. 
The correlation lengths increase as the reference location is moved towards the center of the 
cylinder. This behavior is due to the fact that the flow near the center of the cylinder is less 
disturbed by 3-D end-cap-flow effects. The flow is more two-dimensional, and a larger axial 
correlation length is expected. 

The variation of the axial correlation length with axial reference location is determined 
from cross-plots of the data of Figure 10. Similar to the circumferential length-scales, the 
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Figure 10. Axial correlation lengths for Re = 32000 and for reference locations of z/D = 008,0-50, and 10 and 
(a) 6, = 100°, (b) 0r = 140°: , z/D = 0.08; —    —, z/D = 0-5; —, z/D = 10. 
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Figure 11. Empirical fit of axial length-scales for various axial locations as a function of Strouhal number for 
6r= 140° and Re = 32000. 
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axial length-scales show an approximately exponential decrease with decreasing z/D. 
Combining equation (17) with this exponential function, yields 

^(St,z/D) = £4exp[- St075]£5exp 
'z/D - L/2D 

(18) 

with 

£4 = 3-0,   £5 = l-9,   and£6 = l-4. 

The predictions based on equation (18) are shown compared to axial length-scales at 
6r = 140° in Figure 11. 

5. UNSTEADY FORCE PREDICTIONS 

The unsteady lift and drag on the cylinder are calculated using equations (11) and (12) 
respectively, along with equations (13), (16) and (18). Two validations of the resultant model 
were performed. The first was a comparison of the r.m.s sectional unsteady lift and drag 
calculated with the model to sectional unsteady force measurements made on a cylinder 
with one free end (Baban et al. 1989). The Baban et al. results, normalized by dynamic head 
and sectional frontal area, for r.m.s. unsteady lift and drag at a section centered about 
z/D = 1-63 were 0-37 and 0-71, respectively. The values of r.m.s. unsteady lift and drag 
predicted using the model were 033 and 0-65, respectively. 

The second portion of the model validation was a comparison of the predicted results for 
the unsteady lift and drag spectra to unsteady force measurements performed on a cylin- 
drical-shaped inertial hydrophone that was towed in deep water by McEachern & Lauchle 
(1995). The spectra are presented as a dimensionless fluctuating force spectrum, i.e. for the 
drag: 

Gxx(f)\fUA fD     e 

7ü5ä){-D) 
versus ^sSt- (19) 

Here, A ( = LD) is the frontal area for the cylinder body. 
Figure 12 shows the non dimensionalized lift and drag spectra predicted for the three 

Reynolds numbers considered. Note that the use of the reference autospectral density, 
GprP,(f> 0» zr), in equation (11) results in a predicted unsteady force with a spectral character 
similar to that of the measured unsteady pressure data. The data are seen to collapse well 
using the inertial force and time scales of the flow for nondimensionalization. A comparison 
of the lift and drag spectra on the cylinder is shown in Figure 13 for Re = 19200. The 
predicted unsteady lift is typically 3 dB higher than the predicted unsteady drag over the 
entire range of Strouhal numbers. Measured sectional unsteady lift and drag coefficients on 
infinite cylinders are given by West & Apelt (1997). Their results show unsteady lift values 
that are 6-10 dB higher than the unsteady drag. In addition, their measured results on 
finite- length cylinders, showed that the sectional unsteady lift and drag coefficients are very 
similar in magnitude. The larger unsteady drag for the finite-length cylinder is attributed to 
the 3-D unsteady recirculation zone in the wake of the cylinder near the end-caps. 

The spectral results presented by McEachern & Lauchle (1995) are for the combined 
unsteady lift and drag measured on a 2:1 aspect ratio cylindrical inertial hydrophone 
exposed to low Reynolds number cross-flow. A power summation (arithmetic addition) of 
the predicted lift and drag spectra enables a direct comparison to their results. The 
combined unsteady lift and drag spectrum predicted from the models, is denoted G(/). 
Its comparison to the experimental results of McEachern & Lauchle (1995), is shown in 



UNSTEADY LIFT AND DRAG ON A FINITE CYLINDER 815 

-30 

£>!-50 

e-70 

Ml 
O 
S -90 

-110 

(a) 

_i i i i i   i i i i 111 

-30 - 

-50 - 

-70 S3 

I" 
BO 

§ -90 

-110 

(b) 

0.01 
'    i i i i 111 '     ' i i i i 111 

0.10 
St 

-I I I'll" 

1.00 10.00 

Figure 12. Unsteady lift and drag predictions for (a) unsteady lift and (b) unsteady drag: 
Re = 25600; , Re = 19200. 

-,Re = 32000; 

Figure 14 for all three speeds. At high values of St, the model results agree to within 2 dB of 
the measured data. 

6. CONCLUSIONS 

The highest r.m.s. unsteady pressure levels were measured on the cylindrical surface near the 
end-caps, and in the rearward portion of the cylinder, aft of 110°. The high unsteady 
pressures near the end-cap are due to the 3-D separated flow over the cylinder ends. The 
high unsteady pressures in the rearward portion of the cylinder are due to the presence of 
a recirculation region behind the cylinder, and a local reattachment of the separated flow 
over the end-caps. Strong coherent vortex shedding from the cylinder is not present due to 
this end-induced disturbed flow region behind the cylinder that inhibits the vortex-forma- 
tion process. 

Near the mid-section of the cylinder, the Strouhal number dependence of the circum- 
ferential length-scales show a weak maximum near St = 0-21. The length-scales decrease as 
St-1 above this value. The decrease in length-scales with increasing Strouhal number 
is a result of the influence of small-scale, high-frequency, eddies. Below St = 0-21, the 
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Figure 14. Predicted combination of unsteady lift and drag at Re = 32 000,25 600, and 19 200 compared to the 
experimental data of McEachern & Lauchle (1995) over the range 4000 < Re < 18000. 

correlation lengths are also small (or nonexistent), due to the apparent inability of the flow 
to support large-scale structures. The circumferential length-scales, as a function of axial 
location, are relatively independent of z/D for z/D > 05. For locations z/D < 05, the 
length-scales are smaller and more sensitive to z/D due to the 3-D chaotic flow field near the 
end-cap. 

The axial length-scales decrease exponentially with increasing Strouhal number. Due to 
the 3-D flow region near the end-caps, the axial length-scales depend on the reference 
location; the wall-pressure statistics are inhomogeneous. As the reference location is moved 
to the mid-sections of the cylinder, the axial length-scales approach values similar to those 
measured independently on 2-D cylinders. 

The unsteady lift spectrum predicted for the cylinder is typically 3 dB higher than the 
predicted unsteady drag spectrum for the Reynolds numbers and cylinder aspect ratio 
considered in this study. This difference appears to be much less than it is for a 2-D cylinder 
which is more in the range of 10-12 dB. The increase in unsteady drag, and the decrease in 
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unsteady lift on the finite-length cylinder is apparently due to the incoherent recirculation 

zone created by cylinder end effects. 
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VBSTRACT 
"t is well known that turbomachinery rotors produce low 
frequency forces when subjected to a turbulent inflow. 
Predictions to date have been based largely upon idealizations 

i jf radial blades operating in homogeneous isotropic turbulence. 
[n the present work these models are slightly extended to 
include the effects of complex blade geometry. The credibility 

the method is then tested through comparison to existing 
srimental data. These comparisons show that the method 

jcrforms well regarding the shape of the frequency spectrum 
and the relative effects of complex blade geometries. However, 
the method tends to sometimes overestimate the absolute levels 
of the thrust spectra. 

INTRODUCTION 
The database of Jonson [1] clearly demonstrates the benefits of 
well chosen blade geometry. He showed that rake and skew 
decorrelated the gusts along the blade span; reducing the net 
unsteady thrust by as much as 12 dB at the broadband humps 
(or "haystacks") in the spectrum. However, this data has 
apparently been neglected as a validation database for testing 
the accuracy of modern prediction methods. 

The data of Sevik [2], and a recent repeat of those 
measurements by Wojno, Mueller and Blake [3] provide 
additional data for validation. 

predictions of the above test cases are approached following the 
original framework of Sevik [2], as modified by Martinez [4] 
and Jiang et al [5] to account for the effects of blade rotation. 

This paper begins by briefly reviewing the prediction method. 
""He description is abbreviated since the material is already well 

ted by Martinez [4]. The modifications for arbitrary blade 

geometry are subsequently introduced, and the analysis  is 
applied to predict the available measurements. 

NOMENCLATURE 
b - blade number (from 0 to B -1) 
B - number of blades 
C - blade chord length 
H(2)   „(I) 
"0    '" 1 - Hankel functions 

r" - Radius to blade strip a 
dc,/da - Lift curve slope 

X - Rake (axial offset) 

P - Density 

<t> - blade pitch angle 

A - turbulence integral length scale 
O - Angular rotor speed (revolutions/sec) 

¥ - Skew (circumferential offset) 

OVERVIEW OF THE PREDICTION METHOD 
The model is based upon a fixed coordinate system as shown in 
Figure (1). The mean flow entering the rotor is assumed to be 
purely axial with a positive sense taken into the page. Rotation 
is assumed to be counter-clockwise when viewed from forward 
looking aft. Each blade on the rotor is discretized into an 
appropriate number of thin spanwise strips. The unsteady lift is 
determined using 2D airfoil theory and a correlation analysis 
between all the strips on the rotor. 

The turbulent velocity fluctuations entering the rotor are of 
course random in space and time, and are best expressed as 
tensors to compactly indicate their location, direction and 
magnitude. 

Copyright © 2000 by ASME 



r* :ng the notation of Sevik [2]: 

UJ «f(f) = the turbulent velocity fluctuation in direction k, 

that is encountered by blade strip ß at time t. 

(2) Ftf{t,r) = the lift force generated by blade strip a in 

direction i at time rdue to a unit amplitude turbulent 
velocity fluctuation which encounters blade strip ß in 
direction Jt at time r. 

(3) l°(t) = total lift force on blade strip a in direction /due to 

the incident turbulent velocity fluctuations plus the induced 
effects caused by other blades. This is determined by the 
following convolution integral: 

JFf(T)U0(t-T)dT (1) 

where a, ß = 1,2,3,...«   and   i,k = 1,2,3 

The space-time correlation between strips is the expected value 
of the lift tensors. 

<t>?(T)=E{ir(t)if(t+T)} (2a) 

Assuming that the processes are stationary and ergodic then 
equation (1) can be used to form the space-time correlation 

ction of the unsteady lift: 

*r(r)=limIj|jF-(r>;(/-r,Vr1J|j^(r2K
f(f-r2+rVr2U 

Defining the correlation function for the turbulent velocity 
fluctuations: 

tf^r+T, -r2) = l>m-J«;(r-r,)«f(/-r2 + t)dt (3) 

Then upon making the necessary substitutions and taking a 
temporal Fourier transform, the two-sided power spectrum of 
unsteady lift is given by: 

J#(r-ti + riy
,,(Mi+r',dr     <4> 

The term in braces of eq. (4) is now recognized as the Fourier 
transform of the aerodynamic response functions. These terms 
are usually named the gust response functions (H^), and can 

be modeled using a variety of approximations from 2D potential 
w theory to unsteady computational fluid dynamics. The 
.aining term in eq. (4) is the two-sided power spectrum of 

turbulent velocity fluctuations. Most generally this is called the 

two-sided cross-power spectral density (G^ ) of the turbulent 

velocity fluctuations. The unsteady lift spectrum is thus recast 
as: 

*?(»)={"rt>rt3>) (5) 

Equation (5) is the fundamental expression which must be 
evaluated. Most earlier research applies the simplest gust 
response function available which is that due to Sears [6]. This 
applies to a flat plate of infinite span, zero thickness, and zero 
camber. The mean velocity is assumed to be at zero degrees 
angle of attack to the plate, and the effects of induced velocities 
are obviously neglected since the blade is assumed to be 
isolated in space. However, as suggested by Sevik [2], the 
theoretical value of the lift curve slope is allowed to remain 
arbitrary to crudely account for cascade effects. The span of the 
strip (<$-) and a direction cosine between the lift vector and 
axial direction (77) are also included in anticipation of the 

upcoming integration across strips. Then the gust response 
functions are given as: 

H%{o>) = ^pWrCs 
dar   "' 2 

(6) 

The Sear's function phased to the blade midchord is given by 
Blake [7] as a function of the reduced frequency k : 

-     wC 
k =- 

2W 
(7) 

To complete the analysis we must develop a description of the 
correlation function for gusts normal to the blade, and 
numerically complete the indicated summations and 
integrations. 

TRANSFORMATION OF VELOCITY FLUCTUATIONS 
INTO THE FRAME OF THE BLADE The mean velocity 
entering the rotor is easily described in the stationary frame of 
Figure (1). 

U" = U°ex + 0ey + 0ez = U°ex + 0er + 0eg (8) 

The airfoil sections are assumed to operate at zero angle of 
attack. Therefore, in the frame of the blade the mean relative 
velocity is parallel to the blade chord. Defining this direction 
by a local unit vector e" then its companions are taken along 

the local blade stacking line e2"and along the normal to the 

local blade surface £°. (These vectors are only orthogonal in a 

blade with a radial stacking line). Then the mean relative 
velocity in the frame of the blade can be expressed as: 
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= W?ef +Oef +0e? (9) n; 
a    (cos(^g)*(xctl - Xg-')-Sin(^a )* (r^y- -rg-Vg-')) 

Sa 

where   Wf =,j{u°)2+{2nran)2 (10) 

The description of gusts normal to the blade is easily 
accomplished given the orientation of the surface normal vector. 
This can be found through knowledge of the blade geometry 
and  instantaneous  blade position.     Figure  (2)  shows  the 

geometric conventions for this paper,     «/"is taken as the 

projected skew angle, and Xff is the axial offset (rake), both 
measured from the position of the blade reference line. 

The vector oriented along the blade chord can be found using 
the relative velocity triangle (due to the assumption that the 
mean flow is at zero angle of attack). 

Ci   = 

(U° 
W" Wr<l J 

,a   (2nraCl\a 

= sin(*B)«f +0i; +c<x{<f>a)eZ (11) 

1 The vector along the blade stacking line can be found from the 
de geometry.   Using the fixed coordinate system, then the 
J-chord at each strip on the reference blade is defined by a 

position vector. 

y" = XaeI+rair+ra^aeg (12) 

The location of strips on other blades is similar, but translated 
through the appropriate angle given by the blade spacing. A 
central difference about the strip of interest yields the desired 
vector parallel to the local blade stacking line (e2

a): 

el =(X"+1 -Xa-'>7 +(ra+1 -/-"-'K* 
+{ra*lyraH-ra'x\lfa-y)eae (13) 

A vector cross-product [i° xe")yields the orientation of a 

vector that is normal to the local blade surface and has the same 
sense as the lift vector. The result can be cast in terms of 
direction cosines for compactness of notation: 

\%=T£ea
x+r£e?+TiZea

e (14) 

where: ?; = 
-cos(g>a)*(rg+'-rg-') 

S" 

»infr'Hr--r-)     and S^xeH 
Ve = 

This reveals that rake and skew introduce a new radial 
component to the lift vector, unless their effects are balanced by 
the difference noted above. 

Finally, we can now project the turbulent velocity fluctuations 
from the stationary frame onto the local blade unit normal 
vector. These are the gusts which generate lift in unsteady 2D 
airfoil theory: 

<=s ■ %=ua
xtj:+< rir + « (15) 

The radial and tangential velocity fluctuations can be further 
resolved into their Cartesian coordinates using the geometry of 
the fixed frame of reference: 

< = « +(«," cos(öff)+< sm{0a))tf 

+ (<cos(0")-<sin(0ff));7; (16) 

Then the correlation function between two arbitrary blade strips 
is given by: 

«f«f = («+v>? + «)kV + tf«! + nS»S)  <17> 

Lengthy algebraic manipulations reduce the above to a tensor in 
terms of the turbulent velocity fluctuations from the stationary 
frame. The result of these manipulations is summarized in 
Appendix A for completeness. 

The result to this point is completely general. However, it is 
noteworthy that it includes many correlations that were absent 
in the original analyses of Jiang et. al [5]. Many of these terms 
are introduced by coupling to the flow field through blade rake 
and skew. However, others are simply shown to vanish under 
the assumptions of homogeneous isotropic turbulence, and thus 
were of no consequence in their earlier models. In this report 
these same simplifications can be invoked for the purpose of 
validating the code against measurements in grid generated 
turbulence. A complete treatment of the turbulence modeling is 
given by Hinze [8]. 

1 An alternate turbulence model has been proposed by Wojno, Mueller and 
Blake [3] based upon measurements in grid generated turbulence. They 
revealed significant local inhomogeneity and anisotropy. This realism is 
obviously expected to improve the agreement between prediction and 
measurements. However, this result has not yet been incorporated into the 
present analysis. 
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fly, the assumption of homogeneous isotropic turbulence 
requires that the correlation function is invariant to translations 
and rotations of the coordinate axis. Assuming further that the 
streamwise correlation function is characterized by a simple 
exponential decay with separation distance (as observed 
experimentally), then 

*^=«Lexp- 
Ax 

(18) 

Continuity can then be applied to obtain the general form of the 
correlation function. This result is expressed in tensor notation 
for compactness where the indices are ;, j = 1,2,3. 

Rf(r) = u 
1   ** 
2^ + 1 — 

2A 
exp<- (19) 

Here the terms like £. indicate the Cartesian components of the 

total separation distance.  5. is the Dirac delta function. 

INSTANTANEOUS SEPARATION DISTANCE 
BETWEEN BLADE STRIPS       In order to evaluate the 
'-orrelation function we require an estimate of the instantaneous 

aration distance (£) between points or and ß. Recalling 

me general formulation for the unsteady lift tensor, repeated 
here for convenience: 

Of = E{l°(t)lf(t + T)} (20) 

it is clear that the analysis requires an estimate of the correlation 
between blade strip a at the reference time, and blade strip ß 
at an arbitrary delay time. Thus, the separation vector must 
include the effects of forward flight and blade rotation. 

If the reference strip a is assumed to exist at 0 = Oat the 
reference time, then the second strip/? is located at an angular 
offset given by: 

A& = b^fj + {yr"-V'') + (2nar) (21) 

or by using the law of Cosines, the separation in the plane of the 
rotor is given by: 

A*,^ =yl{rßf+{r°y-2r°r*cos(Ae) (22) 

1 total instantaneous separation must also account for the 
.acts of forward flight and blade rake. 

AX: ^(t/,r+(x> -X«))2 +[(r')2 +(r° )2 -2r-r" COS(Aö)] 

This separation distance is easily resolved into its Cartesian 
components in the frame of the body. These distances can then 
be used to evaluate the correlation function in eq. (19). 

COMPARISON OF PREDICTION AND TEST FOR 
RADIAL BLADES Comparison data for radial rotors 
has been acquired by both Sevik [2] and Wojno et. al.[3]. The 
identical rotor was used in these two experiments: a 10 bladed 
axial flow design with tip radius of 4 inches and chord of 1 
inch.2 

In Sevik's [2] experiment the correlation length was not 
measured directly. However, it can still be estimated using the 
scaling of Naudascher and Fare» [9] (see also Thompson [10] 
for a treatment of Reynolds number effects). This leads to an 
estimate of approximately 1.1 inches (about 35% span). 

The thrust spectrum for Sevik's test conditions has been 
estimated using both his broadband theory and the present 
method. The results are shown in Figure (3). Published 
measurements are shown for comparison. 

It is clear that neither model predicts the published experimental 
data. However, a minor re-interpretation resolves this 
discrepancy. Specifically, Sevik's theory predicts a thrust 
spectrum where frequency has been nondimensionalized by the 
integral scale and the free stream velocity. Of course, the 
resultant power spectrum G(r) must include scaling by the 
inverse fraction in order to preserve the mean square value of 
the data in accordance with Parseval's theorem. The desired 
power spectral density of the unsteady thrust is then obtained 

G{f) = 2n-±-G(D where r = coK (24) 

Sevik's data is clearly stated to be normalized to 1 Hz 
bandwidth. However, it appears that this may have only 
accounted for the adjustment from circular frequency to Hertz. 
By rescaling his power spectral density for the remaining terms, 
the data is now seen to fall within good agreement of both 
predictions. Further, the character of the data and his 
broadband theory are now identical to his original publication 
(albeit 22 dB lower in amplitude). Thus, his conclusions and 
method  remain  valid  today  within  the  constraints  of his 

2 Wojno et. al. [3] have shown that cascade effects can be 
significant for reduced frequencies at and below the first 
haystack. However, no correction for these cascade effects is 
included in the present calculations. 
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"'TvIMARY The correlation method of Martinez [4] has 
n slightly extended to include rotor geometries with arbitrary 

rake and skew. The resultant method shows good agreement 
with measurements for a 10-bladed rotor with radial stacking 
line. The method also reasonably predicts the trends of the 
thrust spectra for a 5 bladed rotor with systematic variations in 
rake and skew. Further improvements are required to predict 
absolute levels of unsteady thrust. This effort will initially 
focus on cascade effects for turbomachinery rotors with high 
solidity. 
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APPENDDC A The following equations provide the results of 
algebraic manipulations from equation (17). The correlation 
function is given by: 

«r«f=(«+«+«X«+r£u>+ft«;) 

Expanding this result in terms of the direction cosines, and the 
correlation functions in the frame of the body: 

R£=     fat!!)** 

+ (-17-17/ sin B" + tfV? cosB*3 )R% 

+ (7,-17/ cos 0» + 77,-77/ sin 0')R* 

+ (- 77,-77/ sin 6" + 77,-77/ cosB* )R* 

+ 77,-77/ sin 0" sin 0' -77-77/ sin 0" cosfl*    \^ 

- r\*n% cos 0" sin 6" + T\arT)ßr cosö" cosö* j" 

-rj"rjß sinö" costf* -Tjfrf sinö" sinö ß \ 

+ n"rnl cos 0" cos 6" + T}?T]f cos 0" sin Bß 

+ (77,-77/ cos 0" + rfinl sin 0" )R« 

K 

+ 
(-nWe co*0a sinöJS + vWr cosö" cosö^' 

- 77-77/ sin 0" sin 0ß + 77,-77/ sin 0" cos 0" 
R aß 

TJgTJß COS0" COS0fi +7]gTJß COS0" sin0ß   y 

+ rfrr)ßB sin0"cos0ß + 77-77/sin0"sin0" 
R* 

APPENDK B:   The following tables summarize the rotor 
blade characteristics of Jonson [1]. All three rotors have tip 
radii of 6 inches. Rotor 4382 is described immediately below. 
Rotor 4381 is similar except with zero rake and skew. 
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'mptions.   We suggest that our reinterpretation is correct. 
;n this adjustment, the present method performs well in 

predicting the low frequency continuum and the first haystack. 

Wojno's [3] measurements were performed in air, and every 
effort was made to maintain dynamic similarity with the original 
water tunnel tests of Sevik [2]. The obvious limitations of 
Wojno's [3] test include a lower Reynolds number and a spatial 
constraint which placed the rotor somewhat closer to the grid. 
However, the wind speed and rotor RPM were greatly increased 
in order to approximate Sevik's advance ratio while achieving a 
reasonable Reynolds number based upon blade chord. 
Wojno et. al. [3] measured the airborne noise (w  ) caused by 

the ingested turbulence. However, at frequencies of interest the 
rotor was acoustically compact. Therefore, it is possible to 
infer the unsteady thrust spectra iy/ir) ^om simple dipole 
acoustic theory: 

Vrr{f) = 
4nr„ 

(2rf cos© 
rjf) (25) 

where Cn is the speed of sound, r       and © are the distance 

' angle from the rotor to the microphone. 

This back-calculated thrust spectra can be compared to the 
direct measurements of Sevik [2] through a suitable 
normalization. In this comparison the frequencies have been 
scaled by the blade passing frequency. The power spectral 
density of unsteady thrust has been scaled as shown in eq (26). 
The comparison of normalized results is shown in Figure (4). 

o(r)=- G{f)*ft bpf /' = 

(pU]R2 
J 

v 

C£u_ 

J_ 
fi 

(26) 
bpf 

The haystack in Wojno's data is somewhat less pronounced, and 
the high frequencies tend to be higher amplitude than Sevik's 
direct measurements. However, the relative magnitudes and 
trends are quite similar; giving credibility to Wojno's efforts for 
achieving dynamic similarity. 

In order to directly predict the measurements of Wojno [3] with 
the current simplified turbulence model it is necessary to choose 
a single integral length scale. A length of about 2 inches (65% 
span) represents a rough average between his radial and 
tangential scales for the energy containing wavenumbers. This 

^gral scale was used as input to the analysis assuming 
aogeneous isotropic turbulence. The comparison of 

measurement versus prediction is shown in Figure (5). As 

shown, the comparison is quite reasonable. Blake [11] has 
noted that the prediction at very low frequencies is artificially 
high due to the lack of cascade effects in the calculation. The 
actual thrust may actually be low enough to be obscured by 
background noise from the facility. 

In the above cases of radial stacking lines our extended model 
reduces to the original analysis of Martinez [4], and this 
performs quite well through at least the first haystack. 

COMPARISON OF PREDICTION AND TEST FOR 
BLADES WITH RAKE AND SKEW Jonson [1] has 
measured the unsteady thrust for three rotors operating in grid 
generated turbulence. The rotors, shown in Figure (6), were 
designed for similar hydrodynamic performance but included a 
systematic variation in rake and skew. The objective of these 
tests was to establish a measured database of turbulent inflow 
data and unsteady response. 

The unsteady thrust and side forces were measured using a 
downstream dynamometer. The turbulent inflow was measured 
using a two-component LDV for a point at approximately 70% 
of the blade span. Reported data includes the spectrum of 
unsteady thrust and both the intensity and integral scale of 
streamwise turbulent velocity fluctuations. 

The measured thrust spectra are shown in Figure (7). These 
include a strong haystack near the first blade passing frequency, 
which is presumably due to the blade-to-blade correlations. 
The thrust spectra diminish quickly as the frequency approaches 
the second blade passing frequency. 

The unsteady thrust was also calculated for each rotor using the 
present method. A relative comparison of measurement vs. 
prediction is shown in Figure (7). It appears that the 
calculations reasonably capture the shape of the spectra, and the 
relative effects of rake and skew. However, the calculations 
significantly overpredict the absolute amplitude of the 
measurements, and were reduced by 10 dB to facilitate the 
comparisons that are shown. At least part of this discrepancy is 
probably due to the retention of an ideal lift curve slope in the 
calculations (i.e., dcl/da = 2x)-   These rotors have solidity at 

least 50% greater than Sevik's, and yet no correction for 
cascade effects is included in the method. This is an essential 
next step in refinement of the method as previously suggested 
by Blake [11]. 

It is also clear that the measurements fall off quickly at high 
frequencies. It is suggested that a dynamometer shaft resonance 
may have influenced the measurements. This assessment is 
substantiated in Figure (8), where the present predictions are 
modified by the magnification factor of a 1 degree-of-freedom 
resonance just above blade passing frequency. 
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Projected 

R/Rtip Chord/D Skew Rake 
degrees ft 

0.200 0.174 0.000 0.000 

0.300 0.228 4.620 0.012 

0.400 0.275 9.330 0.023 

0.500 0.313 13.940 0.035 

0.600 0.338 18.380 0.046 

0.700 0.348 22.780 0.057 

0.800 0.334 27.116 0.068 

0.900 0.281 31.600 0.079 

0.950 0.219 33.820 0.085 

0.960 0.202 34.270 0.086 

0.970 0.180 34.730 0.087 

0.980 0.152 35.200 0.088 

0.990 0.115 35.650 0.0B9 

1.000 0.000 36.140 0.090 
<SQ. 

Rotor 4542 is described below: 

Projected 
R/Rtip Chord/O Skew Rake 

degrees ft 

0.200 0.177 0.000 0.000 
0.300 0.229 4.007 0.010 

0.400 0.275 5.956 0.015 
0.500 0.312 8.318 0.021 

0.600 0.337 13.756 0.034 

0.700 0.347 23.972 0.060 
0.800 0.334 39.053 0.098 
0.900 0.280 59.287 0.148 
0.950 0.214 66.453 0.166 
0.960 0.194 67.638 0.169 

0.970 0.171 68.641 0.172 
0.980 0.141 69.568 0.174 

0.990 0.100 70.428 0.176 
1.000 0.000 71.266 0.178 

Figure (1) - Coordinate System and Strip Model 
for Theoretical Modeling (forward looking aft) 

Blade Section 
@ Some Other 

Radius 

x  ▲ 

Figure (2)  -   Geometric Conventions 
Regarding Blade Rake and Skew 
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Figure (3)   - Comparison of Prediction and Measurement 
for the Data ofSevik's 4-Inch Grid 
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Figure (4)   -   Comparison of Normalized Measurements 
for the W-Bladed Rotor 
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Figure (5)   -   Comparison of Measurement 
versus Prediction for Wojno's Test 

Figure (6) - Rotors Tested by Jonson 
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ABSTRACT An empirical turbulence model has been 
developed for boundary layer flows. The goal is to simulate 
the statistical behavior of turbulent velocity fluctuations in 
both space and time using the two-point correlation field. 

The new model is based on physical concepts from earlier 
measurements and flow visualizations. In particular, it is 
useful to think of packets of turbulent fluid that are angled to 
towards the wall and convert with a velocity similar to the 
local mean. However, the actual behaviors which exist are 
complicated and sometimes quite subtle (but physically 
important). For instance, measurements show that the 
correlation field is only strongly peaked at zero time delay, 

his is interpreted in wavenumber space as a rapid 
decorrelation of the small scale eddies, and is modeled in a 
way that captures the transition. 

The new turbulence model has been calibrated using recent 
measurements and is now available for general studies. 
Efforts are underway to refine the model, improve its 
theoretical basis, and confirm its application to high Reynolds 
number flows. 

INTRODUCTION Blake     [1]     highlights     many 
situations where turbulence provides an unsteady source term 
that leads to sound. One classic example is the case where 
turbulence passes through a turbomachinery rotor; producing 
a broadband spectrum of forces. Predictions of these forces 
rely on knowledge of the space-time correlation coefficient 
(see Sevik [2] and Martinez [3]). However, general models 
of the correlation coefficient are not readily available so the 
predictions usually rely on idealizations of homogeneous 
isotropic turbulence. Manoha [4] overcame this deficiency by 
measuring the correlation field for gusts normal to the surface 
of his rotor blade. However, these results cannot be 
generalized to other flow fields or blade pitch angles. 

The present research attempts to find a representative model 
>f the space-time correlations. We specifically want to 
actude the effects of inhomogeneity and anisotropy.      A 

turbulent boundary layer (TBL) subject to an adverse gradient 
has been selected as a representative test case. 
This paper begins with a brief description of the experimental 
facility and methods. The measured correlation coefficients 
are compared to classic observations from the literature (see 
[5] through [11]). An empirical turbulence model is then 
proposed based upon the observed physical behaviors. The 
unknown modeling constants are calibrated using the 
measured data. Qualitative and quantitative comparisons are 
provided to measure the model's fidelity. Finally, some 
comments are provided regarding future efforts that are 
required to generalize and extend this work. 

NOMENCLATURE 
C. fe \xr, T)    TWO point space time correlation coefficient 

Gm (k) One-sided wavenumber power spectrum 

k Wavenumber 

^■(*.l*r»T) ^w0 P0"1* sPace tmie correlation function 
Re9 Reynolds number on momentum thickness 

Distance to each point on the S-plane 
RMS velocity fluctuation in direction / 

Friction velocity 
Mean velocity profile in the TBL 

Streamwise position relative to the survey plane 
Locations of the reference and scanning probes 

Distance from the wall 

Height of the reference probe 

. y" /    Normalized distance from the wall 
/v 

Transverse distance from the reference probe 
Thickness of the TBL 
Kolmogorov scale 

Kinematic viscosity 
Time delay between two probe signals 

Typical time scale at the reference probe 

s 

* 
li 

Ü(y) 
X 

y 

z 
5 

v 
X 

rx = 3 
1 
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DESCRIPTION OF THE EXPERIMENTAL SETUP 
This research was performed using the subsonic wind tunnel 
at the Applied Research Laboratory of Pennsylvania State 
University. As shown in Figure (1), a temporary liner was 
installed along the lower interior surface of the tunnel wall. 
A smooth flat plate was also installed horizontally across the 
span of the tunnel. The leading edge was modified to 
incorporate a nearly elliptic profile. The flow was tripped 
there in order to achieve a higher effective Reynolds number 
(i.e. a thicker boundary layer). All TBL measurements were 
performed in the shear layer that formed against this flat 
surface. 

The combination of liner and flat plate provided a strong 
contraction through the inlet nozzle followed by a region with 
nominally zero pressure gradient. The liner in the aft portion 
of the tunnel provided a slow expansion of flow area 
(diffusion angle ~5.3°); thus decelerating the flow and 
substantially increasing the TBL thickness. 

Velocity surveys were performed using thermal anemometry. 
The measurements showed that the TBL was fully developed 
and two-dimensional with an edge thickness of 4 to 10 cm1 

depending on measurement position. The Reynolds number 
ased on momentum thickness was of order 10,000. The free 

.»cream turbulence intensity in the test section was 0.3% or 
less. 

Profiles of the mean velocity were all reasonably collapsed 
onto the standard Law of the Wall with Coles' wake function2. 
In the forward portion of the tunnel these surveys were in 
good agreement with comparison data for zero pressure 
gradient TBLs. In the adverse gradient the wake 
parameter (n a 1.75) was in agreement with values reported 
by White [12] for comparable pressure gradients. 

The TBL in the region of adverse pressure gradient did not 
achieve a state of equilibrium between the pressure and 
viscous forces. However, the estimated Clauser pressure 
gradient   parameter   [14]    {ßc * 1.95)   was   only   slowly 

increasing. The increase was less than 10% along the 
streamwise region (~ 0.75 meters long) where most of the 
measurements were acquired. 

The TBL thickness was a small fraction of the dimensions within the test 
section. Thus, the various shear layers were independent and did not merge. The 
TBL thickness represents the approximate distance from the wall where the 
velocity achieves 99% ofthat in the free stream. 

2 The friction velocity was estimated using a variety of techniques. These 
included fitting the mean velocity profile to the Law of the Wall, using semi- 

■npirical estimates from White [12], and using Moses' [13] suggested closure of 
ie Momentum Integral Equation.  All estimates agreed within a tolerance of 

3%, which was considered acceptable for the current work. 

The uncertainty of the measured correlation coefficients has 
been estimated at approximately 4%. This was considered 
acceptable based upon compromises between the selected 
sampling frequency (10 kHz), integration time (26.4 seconds) 
and data storage limitations (about 2 GB per event). 

MEASUREMENTS OF SPACE TIME CORRELATIONS 
The measurements were made with two sensors located at 
different points within the TBL. The first sensor, designated 
as the reference probe, was manually pre-positioned at a fixed 
height from the wall. The scanning probe was then 
commanded to various grid locations using a three-axis 
traverse. The measurement grid was densely populated near 
the reference probe in order to resolve any steep gradients 
which occurred there. Less refinement was required at other 
portions of the grid since only "large" scales are expected to 
be correlated across these distances. The completed 
measurements defined a transverse/vertical "survey plane" 
which was normal to the mean flow. 

The time history of instantaneous velocities was recorded 
from both probes for each grid point location. Post-processing 
quantified the correlation coefficients for the normal stresses 
and two of the shear stresses (wv,vw).   The data reduction 

algorithm assumed that the velocity fluctuations were; 
stationary and ergodic: 

i    j it -T 

where     i,j = 1,2,3 (1) 

This evaluation was performed over a broad range of physical 
time delays  (7)  and scanning probe positions  (*).    A 

subsequent bilinear interpolation [15] mapped the correlation 
coefficients onto a uniform grid for ease of visualization and 
analysis. Following testing the reference probe was manually 
relocated to a new reference height and the entire process was 
repeated. This was accomplished at four reference probe 
locations ranging from approximately 20% to 85% of the 
TBL thickness. 

Using computer animations the correlation coefficients were 
visualized as the time delay marched from an early time 
(negative time delay) to a late time (positive time delay). 
Several representative snapshots from this cycle are shown in 
Figures (2a) through (2c). Transverse symmetry is assumed 
due to the 2D nature of the flow field and so only one-half of 
the plane is shown. 
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In these plots the reference probe is located at approximately 
'"% of the TBL thickness. Theoretically the correlation 

coefficient must go to unity at zero spatial separation and zero 
time delay. However, the two sensors could only be 
positioned within a minimum finite separation distance that 
was limited by their size. This minimum separation where 
data could not be acquired is indicated by the rectangles in 
Figure (2) where the two point correlation coefficient is zero. 

The  computer  animations  highlight  behaviors  that   are 
generally captured in Figure (2): 
• The uu and w coefficients are correlated over long 

time delays but are markedly different in their structure. 
The vv coefficient has a very short correlation time 
scale. 

• At early times the peak of the uu coefficient occurs at a 
height above that of the reference probe. The peak is 
broad and has gentle curvature. As time marches 
forward the peak appears to convert towards the wall; 
actually overlaying the location of the reference probe at 
zero time delay. At zero time delay the profile is nearly 
exponential, and the correlated region extends through 
the thickness of the TBL and across a horizontal span of 
at least 5. A region of weak negative correlation exists 
to the side of the reference probe (z/8 > 0.4). At late 
times the peak has converted to a point below the 
reference probe, and is again broad with gentle 
curvature. 

• The vv coefficient shows a spatial dependence that is 
similar to the mi field (except that it remains positive 
everywhere). However, the peak of the correlation 
coefficient remains approximately coincident with the 
location of the reference probe. The measurements of 
C are suspect at the edge of the TBL where the contour 

becomes very broad. This may be an artifact caused by 
the very small amplitude of the signal there. In any 
event the suspect amplitudes are comparable to the 
uncertainty. 

• The ww coefficient is correlated over a region 
comparable to the uu field, but has a region of weak 
negative correlation along the line of symmetry (z = 0). 

The peak of the w field also appears to convert 
towards the wall. 

• All the correlation coefficients show an essentially 
exponential vertical and horizontal spatial dependence at 
zero time delay. Each function has its own integral 
length scale; but all are on the order of 10% to 30% of 
the TBL thickness. The cusp of the exponential is only 
maintained near zero time delay. 

• The gentle curvature of the peaks at non-zero time delay 
can be viewed in wavenumber space by taking a spatial 
Fourier transform along the vertical line of symmetry. 

These results are shown in Figure (3). At zero time 
delay the spectrum of the data is consistent with the 
theoretical Fourier transform of a simple exponential 
function with a single integral length scale. The high 
wavenumbers have a slope of approximately -5/3. 
However, after a short time delay (» 0.25 *ö/Ü{yn/)) the 

high wavenumbers are strongly attenuated and exhibit a 
slope of approximately -12/3 . In this time delay the 
low wavenumbers are only weakly attenuated. The 
resultant change in the shape of the spectrum 
corresponds to the softening of the peaks in the spatial 
domain. 

These results are consistent with observations from other 
investigations, as discussed below. 

COMPARISONS TO THE LITERATURE Favre [5] and 
his coworkers performed some of the earliest comprehensive 
measurements of the uu correlation field. Their most 
relevant work was in ä TBL with zero pressure gradient 
(Re8«3500). They found that the contours of constant 

correlation coefficient were elongated in the streamwise 
plane. Measurements in a plane normal to the flow revealed 
correlations which extended vertically through most of the 
TBL thickness and horizontally across a span of 
approximately 40% of the TBL thickness. They also found 
that the peak of the correlation coefficient was only centered 
over the reference probe at zero time delay. 

Kovasnay et. al. [8] also worked in a zero pressure gradient 
wall flow (Re„ « 3200). The reference probe in their work 

was at approximately 50% of the boundary layer thickness. 
The scanning probe mapped out a survey plane normal to the 
flow but located downstream at a distance of almost four TBL 
heights. They found results similar to Favre [5] with 
additional regions of weak negative correlation centered at 
z/8 « ±0.55 • The vv field had a comparable spatial extent 

and remained positive everywhere. 

Kovasnay et al [8] also post-processed their data using 
Taylor's frozen turbulence hypothesis to approximate the 
contours of the correlation coefficient in the streamwise 
plane. This showed that the contours of the uu field were 
inclined in the direction of flow, forming an imaginary plane 
of roughly 15 to 20 degrees to the wall at zero time delay. (A 
similar treatment of our data is shown in Figure (4), where 
the line inscribed on the Cm field is at roughly 20 degrees to 

the wall3.)   The contour lines in their data were slightly 

3 Our data shows that the C      field has a similar orientation, but the 

C  field shows contours that are oriented normal to the wall. 
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skewed from a constant angle. At the edge of the boundary 
yer the contours were slightly ahead of the imaginary plane 

^nd towards the wall the contours were slightly behind the 
imaginary plane. Qualitatively, this suggests a picture where 
the large eddies are traveling faster at the edge of the TBL 
than they do near the wall. This implies a stretching and 
rotation of the correlation field. 

Head et al [7] provided further insight through flow 
visualization (500 < Rea < 17500). They found coherent 

structures which resembled the horseshoe vortices of 
Theodorsen [16J. The individual structures were oriented at 
an angle of nominally 45 degrees to the wall and had 
transverse dimensions that scaled with inner flow variables. 
Larger shear layers were also identified associated with 
"bulges" of low momentum fluid at the edge of the TBL. 
These bulges had well defined streamwise scales on the order 
of several times the TBL thickness and were usually oriented 
at an angle of about 20 degrees to the wall. Head et al [7] 
postulated that these large zones bounded several coherent 
hairpin type structures that were traveling as a group. 

Robinson [9] performed more detailed investigations of 
coherent structures using the results from a Direct Numerical 
Simulation (DNS). He found many structures, but thetr 
density was lower than the visualizations of Head et al due to 

te low Reynolds number (Re9 « 670) of the simulation. 

These concepts have been significantly advanced by the 
recent work of Adrian's group (see {10] and [11]). Their 
detailed PIV measurements provide realizations of the 
instantaneous velocities in a vertical/stream wise plane of the 
TBL (Refl<7705). The data are viewed in the frame of 

arbitrary convection velocities, and this reveals "packets" of 
coherent vortical structures that are traveling as a group with 
nearly constant streamwise speeds. The heads of the 
structures are visualized as regions of compact circulation, 
and the legs appear as intense shear layers with low 
streamwise momentum (caused by the pumping action 
between the vortex legs). These packets can reach up to 
heights of about 80% of S and can be as long as 25. Finally, 
the larger (and presumably older) packets are converting 
fester than the smaller ones. Careful postprocessing showed 
that the convection velocities of the vortex heads nearly 
matched the mean velocity profile. 

Finally, many of the observed behaviors, such as the regions 
of positive and negative correlation, are conceptually similar 
to the patterns of velocities induced about an idealized vortex 
(see Perry et. al. [6]). For example, figure (5) shows how this 
structure could lead to the region of negative correlation in 

the uu field4.   Further exploration of these similarities 
ongoing and will be reported in the future. 

is 

It is obviously desirable to simulate all the above behaviors jta 
our empirical turbulence model.    We start by defining 
framework   that   conceptually   represents   the   observed 
behaviors.    Implementation then relies upon finding tijie 
optimum choice of modeling constants. 

CONCEPTUAL MODEL OF THE c    FIELD mi 

Our model is implemented along an imaginary S-plane whicfh 
is initially oriented äs shown in Figure (6). The initial angle 
to the wall (#) is nominally 20 degrees, and the S-plarte 

intersects the survey plane at the edge of the boundary lay<* 
(i.e., Z>0«1). 

Functionally, this imagined S-plane represents the loci of the 
local maximum in the üü correlation coefficient found in the 
streamwise projection of measurements from Kovasnay et al 
[8]. It can also be interpreted in terms of either (1) the angle 
of the "bulges" observed in the flow visualization of Head et 
al. [7], or (2) the imaginary plane enveloping the coherefit 
packets suggested by Adrian's group ([10] and [11]). 

In our modeling the physical time delay (f) is normalized 

using the TBL thickness (#)and the local mean velocity at the 

height of the reference probe tn{y   )): 

T-, = = T/ where UJ (2) 

Points on the S-plane are allowed to convert through the 
survey plane using the local mean velocity from each point in 
the TBL. This results in the desired stretching and rotation c>f 
the S-plane which would be absent if we had used a single 
convection velocity for the entire plane. This convection is 
allowed to begin at an early time   (-rJtot)such that the S- 

plane exactly intersects the position of the reference probe at 
zero time delay. 

For completeness, our model computes the mean velocity 
profile using the standard Law of the Wall (* = 0.41, C = 5.o) 
with Coles' wake function (n = 1.75): 

An obvious issue is that the classic hairpin structures are estimated to 
have widths on the order of 100 wall units (Head et. al. [7]). However, the 
present correlation fields, and those of Favre [5] and Kovasnay [8], are much 
wider. It is unclear if these two observations can be easily reconciled. 

Copyright © 2000 by ASME 



■'(y)=iT llnfVUcÄinf. 
K K \ 25 

(3) 

This provided a good fit to the measured velocity profile in 
the region of the adverse pressure gradient. The initial 
streamwise position of each point on the S*plane is defined 
by: 

*&-*»*)-- tan(0). 
(4) 

where x = 0 is taken to indicate the streamwise position of 

the survey plane. Then the "start" time for convection can be 
determined from simple geometry: 

U{yre/)xan(0\ 
(5) 

Assuming parallel flow, then at any later time the streamwise 
position of points on the S-plane are given by: 

x,M=x.(y.-r~,)+u(yy (6) 

\t any given time a different point on the S*plane physically 
jtersects the transverse survey plane. At early times this 
intersection is obviously near the edge of the boundary layer, 
and as time marches forward the intersection point 
approaches the wall. This behavior will be used to represent 
the apparent convection of the peak in the correlation 
coefficient. 

The linear distance from the intersection point (x^y^to 

each point on the S*plane will arise as an important term in 
the turbulence model. This distance is given by: 

*(w..*)=<$&-*■«$+(y. -y*T (7) 

Finally, the correlation coefficient is modeled using spatial 
and temporal dependencies that are assumed to be separable: 

c J*r fc, r) - o, (r)M*)&3 (yKW (8) 

The resulting collapse of Cm is shown in Figure (7).   The 

data show a nearly exponential dependence centered at zero 
time delay, however, the amplitudes at late times are about 
5% higher than at corresponding early times. These trends 
have been modeled using a simple weighting function acting 
on the exponential: 

'.M-1^ exp- *«>?• (9) 

where a good match with the data is obtained when the 
effective integral time scale (r,) is allowed to transition as: 

7.-Hr«/l+* (10) 

The three modeling constants (Toim,b) are chosen to achieve 

a "best-fit" with the measurements.5 

It is noted that in the limit of large late times the amplitude of 
<!>, does not decay to zero as it should (in fact, it eventually 

becomes unbounded). However, animations show that 
problems from this effect are confined to points that are very 
close to the wall. These are of little interest for the target 
application of predicting turbomachinery noise. However, a 
more general model will clearly be required to ensure 
acceptable performance in all applications. For example, the 
current model would be completely unacceptable for 
modeling the source terms in the Poisson equation for wall 
pressure fluctuations6. 

SPATIAL DEPENDENCE OF Cm FOR VERTICAL AND 

TRANSVERSE SEPARATIONS The spatial dependence in 
the directions normal to the flow are captured via the 
generating functions <£3and 4>4. 

*,(?)• exp<- I) 

*«(*) = «*[y expi 

(11) 

(12) 

Each function controls a physical behavior of the model. The 
following sections report on the form of these functions and 
the subsequent calibration of the modeling constants. 

INSTANTANEOUS AMPLITUDE OF C„„ 

Tie peak amplitudes from the present measurements have 
oeen plotted as a function of the non-dimensional time delay. 

5 Wues of all calibration constants are reported in Appendix A and B for 
C  and c   respectively. 

6 We are currently pursuing such a general model in terms of the energy 
spccturm at low wavenumbers. This work is based upon existing models for 
homogeneous isotropic turbulence (see Batchelor [17] and Hinze [18]). 
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n = 2 - exp-{ 
Q^ 

A. =- 
sinr? A-(^2-A)e*P 

C2^ 

A =<S G2-(G2-G,)oq)j- 
C2TS 

(14) 

(15) 

(16) 

In equation (11) the function F[y/s) provides an attenuation 

for positions that are at the edge of the boundary layer and 
beyond. The function is unity for all points below o.9£. (The 
form of this term is chosen solely for convenience. A more 
physical approach might be to base this term on the 
intermittency distribution.) 

In eq. (12) the cosine function provides an envelope that 
changes the sign of the correlation coefficient along the 

•ansverse direction. The result again matches observations 
j-om the experimental data; this is again a modeling 
convenience rather than a physical necessity. 

The power n within the generating functions is modeled by 
equation (14)7. It takes on a value of 2 at large time delays, 
reducing the generating functions to simple Gaussian curve 
fits. However, at zero time delay the value becomes unity and 
the generating functions become simple exponentials. This 
transition modifies the shape of the wavenumber spectrum. 
This effect is shown in Figure (8), which plots the results of a 
theoretical Fourier transform for the Gaussian and 
exponential curve fits. (Note that in this result both functions 
use the same integral scale and are normalized to have a 
mean square value of unity.) The spectrum of the Gaussian 
Junction indicates a strong preference for the low 
svavenumbers.  This shift is physically meaningful. 

The smallest eddies in the TBL are of size TJ and have a low 

turbulent Reynolds numbers (R^ = „-,7/»,).   Thus, they are 

rapidly decorrelated by viscous dissipation. Conversely, the 
largest scales (which contain most of the energy) have a high 
Reynolds number and are affected by the comparatively weak 

Knight [19] has suggested an alternate empirical formulation that is more 
nenable to mathematical analysis.  This and other theoretical generalizations 
,-e currently being pursued to improve the foundation of the modeling constants, 

and thus hopefully the scalability to other flow fields. 

actions of inertial and pressure forces. As a result the low 
wavenumbers have much longer "lives" than their small 
scale counterparts. This is manifested in the spectrum mainly 
as a change in slope at high wavenumbers. At low 
wavenumbers the spectral shape remains approximately 
constant. It simply rises and falls as a function of time delay 
so that its integrated value provides the correct instantaneous 
peak amplitude of the correlation coefficient. 

Thus, the transition governed by equation (14) affects the 
distribution of energy within the wavenumber spectrum. In 
order to adjust for this effect it is convenient to also transition 
the respective integral length scales as indicated by equations 
(15) and (16). Of course, the integral length scale is just a 
modeling construct so this does not imply any change in the 
behavior of the largest scales in the flow. Rather it is used to 
control the shape of the wavenumber spectrum to match 
empirical observations. (Although not shown in this paper, 
the above approach coupled with the o>, amplitude scaling 

provides a good match to the instantaneous wavenumber 
spectra of die measurements.) 
As shown in Appendix A, the modeling constants which 
control the shape at zero time delay (i.e., £>,and G ) are 
consistently on the order of 50% of their value from large 
time delays (D2 and G2). This observation could be used to 
eliminate two calibration constants in the model. In this case 
equations [14] and £15] would be recast as: 

A = D,S 
sind 

l--exp{- 
Cfi 

Ks =GZS 1—ejq> 
ClTS 

(17) 

(18) 

These simplifications will not be employed for the purposes of 
this paper. A total of 6 new constants have been added to the 
model (4,C1,A,A.Gl,G2) . 

STREAMWISE DEPENDENCE OF Cm The sensitivity to 

streamwise separations between points on the S-plane and the 
survey plane are captured via the function : 

<D2(x) = expi~ 
v(yh 

(19) 

The ratio of distance to mean velocity within the exponential 
is essentially the convection time based upon the local mean 
velocity. The term r2 is a new integral time scale given by: 
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ru(yj 

T0S 
(20) 

This introduces one new modeling constant (c,). However, 

calibration of the modeling constants has shown that the 
curve fit is optimized when 0,-C^ Thus, eq. (20) can be 

recast as: 

C2\T0\S (21) 

The   above MODELING   CONSTANTS   FOR   CM 

formulations contain 12 modeling constants (which could be 
reduced to 9 using the simplifications that are noted). We 
have calibrated these constants by selecting values which 
provided the best agreement with measurements across all 
time delays and reference probe locations. 

In general, the results from the calibrations are weakly 
dependent upon the height of the reference probe. However, 
acceptable performance has been achieved by using the 
constants from optimization when the reference probe is at 
^5% of the TBL thickness. The values of these constants are 
sported in Appendix A. As shown in the next section, the 

discrepancies due to this simplification are most apparent for 
the measurement location that is closest to the wall. 

SUMMARY OF RESULTS 
Typical results from the model are shown in Figure (9a-b) for 
zero time delay and a late time delay respectively 

Typical quantitative comparisons are provided in Figure (10). 
For this analysis we choose three key metrics: (a) the area 
(i.e., energy) under the Cm profile for a slice taken along the 

vertical line of symmetry, (b) the area under the profile for a 
slice taken horizontally at the elevation of the reference 
probe, and (c) the span of the correlated region taken along 
the vertical line of symmetry (c„„ > 0,15). Results show good 

agreement with the data in both character and amplitude at 
all time delays. The average errors between the model and 
measurements are summarized in Table (1). 

EXTENSION TO OTHER CORRELATIONS 
We have implemented the above model using a new set of 
modeling constants in an attempt to also simulate the 

behavior of the C^ field. The constants from this brief 

optimization are reported in Appendix B. 

Figure (11) shows that the modeled correlation field is in 
modest agreement with the data at zero time delay. Further, 
Table 2 shows that the average errors are still acceptable 
albeit somewhat higher than for the CM field.   These errors 

are dominated by the disagreement at the broad region of 
correlation towards the outer edge of the TBL. Of course, 
we've already noted that this same region of the measurement 
is suspect and generally comparable to the statistical 
uncertainty. 

The present model forces the peak of the C„ field to convert 

towards the wall; and this behavior is not observed in the 
measurements (for example, compare the behavior of the 
model in Figure (12) vice that of the data in Figure (4)). The 
correlation time is so short that the behavior is not 
overwhelming. However, it introduces a shift at small time 
delays and this is not in agreement with the data. 

A simpler and overall more successful model of the Cw field 

has already been implemented using a plane that is oriented 
orthogonal to the wall and travels with a constant convection 
velocity. In this case the relevant modeling constants are 
similar to those reported here, but the physical behavior and 
the average errors are both improved. 

Finally, the present model has been used to simulate the 
behavior of the Cm correlation field.   Equation   (11) was 

modified in order to capture the spatial dependence for 
vertical separation distances: 

®>{y)- expi- (22) 

The results are in good qualitative agreement with the 
measurements, and the average errors are usually less than 
10%. A more detailed review of these results will be 
documented in a future publication. 

SUMMARY OF NEEDED RESEARCH 
The present turbulence model has several limitations which 
warrant further development* 
1. The model should be recast on firm theoretical ground 

where possible. 
2. The experimental data were acquired at Reynolds 

numbers that are much lower than many practical 
applications. Testing at higher Reynolds numbers will 
be needed to confirm the observed behaviors and make 
any adjustments to the modeling constants. 

3. The present work was limited to reference probe 
locations in the wake region of the TBL. However, 
applications   such   as   modeling   of  wall   pressure 
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fluctuations require knowledge of the correlation fields 
at points that are much closer to the wall. This work 
may provide a framework for those experiments. 

4. Lastly, it makes sense to further explore the ideas of 
Perry et al [6] and Adrian's group ([10] and [11]). The 
objective is to determine the extent to which packets of 
idealized vortical structures can explain the behaviors 
that have been observed. 
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APPENDIX A - MODELING CONSTANTS FOR Cuu 

The following constants were chosen based upon 
optimizations when the reference probe was located at 
approximately 65% of the TBL thickness. 

(9 = 21° 7>-5.5 C, = 0.42 
m = 0.21 A = 0.35 Q = 0.42 
Z>0«0.95 Z), = 0.30 D1 = 0.60 
G, = 0.22 G2 = 0.40 4=1.055 

APPENDK B - MODELING CONSTANTS FOR C 
W 

The following constants were chosen based upon 
optimizations when the reference probe was located at 
approximately 65% of the TBL thickness. 
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e^iY 7>-5.5 C, = 0.22 

i = 0.12 6=0.085 C2 = 0.22 
A =0.95 Z),=0.18 D2 = 0.36 

^=0.09 G2 = 0.18 Xz =oo 

Figure (1) - Wind Tunnel with Liner and 
Flat Test Plate Installed 
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Figure (5) - Induced Velocities about an Idealized Vortex Structure 
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Table (1) 
Summary of Average Errors Cu 

Reference Probe 
|          Location 

"Energy" Along the 
Vertical Symmetry 

Line 

"Energy" Along the 
Horizontal Line @ Ref. 

Probe 

Width of Correlated 
Region Along Vertical 

Symmetry Line 

%ofdefta 

I              85% 4.9% 3.0% 12.5% 

65% 2.7% 2.7% 2.5% 

43% 4.1% 6.2% 8.2% 

21% 7.0% 6.1% 14.8% 

Table (2) 
Summary of Average Errors for Cv, 

Reference Probe 
Location 

"Energy" Along the 
Vertical Symmetry 

Une 

"Energy" Along the 
Horizontal Line @ Ref. 

Probe 

Width of Correlated 
Region Along Vertical 

Symmetry Une 

% of delta 

85% 9.7% 11.6% 14.5% 

65% 8.5% 7.1% 12.0% 

43% 9.2% 6.7% 11.4% 

21% 7.9% 9.3% 12.1% 

0* \'i      / / 

0.5 / 

"ifp// 
"BP"'» I 
Olgf/jl    ,-' 

«*?>■';' ' 

03r   ' 
r 

<u  .-■  ' 

OLt 

t ■ _^_ 1.Ü9L, 

Profile Through y. = 0 

mode! 
02 A4 ».8 

Correlation Coefficient 

Figure (11) Comparison of the Cm Measurements and the Model (yre/ = 0.65<?) 
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Figure (12) - Projection of the Modeled Correlation Fields 
onto the Streamwise Plane Using Taylor's Hypothesis (y    = 0.65<?) 
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Book Review 

Opinions expressed here are not necessarily those of the editors of Noise Control Engineering Journal 
or of the Institute of Noise Control Engineering.    

Acoustics of Fluid-Structure Interactions 
M. S. Howe 
Cambridge Monographs on Mechanics 
Cambridge University Press, Cambridge CB2 2RU, UK, 1998 
560 pp., ISBN 0521633206, USD 85.00 

The acoustics of fluid-structure interactions is a complex 
subject that deals with the noise created by fluid dynamic 
sources near solid objects and flexible structures. It is an area 
of practical concern for the noise control engineer. This book 
provides an important contribution to this complex field by 
presenting the equations and solutions for an extremely broad 
range of fluid-structure interaction problems, and all carefully 
derived from first principles. Clarity and rigor are the 
trademarks of each section. 

Howe does a marvelous job of setting real-world problems 
in a mathematical framework. In most cases, he offers concise 
physical interpretations and insights based on the derived 
solutions. He does this in a way that allows, in many examples, 
the incorporation of the mean properties of fluid-structure 
interactions determined from numerical codes. The result is 
that hydrodynamic calculations for complicated structures can 
be coupled with the analytical solutions presented here to arrive 
at accurate predictions of the sound and/or vibration. The first 
half of the book deals with the radiation and scattering of 
aerodynamic sources by rigid bodies of various geometrical 
complexity. The effect of flow-induced structural vibration 
on the radiation and absorption of sound is then treated 
rigorously in the second half of the book. 

The Introduction covers the fundamental equations of 
Newtonian fluid mechanics and the structural dynamics of 
elastic solids, membranes, plates, and shells. The author covers 
the Green's function method of solution for inhomogeneous 
wave equations. His treatment of the compact Green's function, 
which permits the calculation of the leading monopole and 
dipole terms of the sound produced by low Mach number 
hydroacoustic sources near solid bodies, is particularly clear. 
He shows that this function can be computed from elementary 
potential flow theory. The chapter concludes with the vorticity 
formulation for aeroacoustic sources, which is useful in the 
prediction of noise due to, for example, vortex shedding and 
problems requiring calculation of vortex-induced unsteady 
forces. 

Chapter 2 covers the Lighthill acoustic analogy. Howe 
emphasizes that the expected quadrupole sources in free-space 
turbulence can be augmented by additional dipole and 
monopole "hot spot" sources when density variations are 
included. This has application to hot jets and emphasizes the 
role of entropy inhomogeneities in sound production. The 
Ffowcs Wilhams-Hawkings equation is discussed in the context 
of non-stationary flow noise sources on and near solid 
structures in motion, such as a rotating lifting surface attached 
to a craft in forward flight. Solutions are valid for either flexible 
or rigid structures, and with or without fluid aspiration. 

Because entropy fluctuations are the dominant sources of low 
Mach number flow noise, Howe develops an acoustic analogy 
based on fluctuations of the total enthalpy. He applies the 
theory to a variety of practical problems including radiation 
from spinning vortices, laser excited heat sources, and two- 
phase flow. Damping, absorption, and scattering of sound by 
turbulence are analyzed, and the chapter concludes with the 
mechanisms of mixing, screech, and forward flight affected 
jet noise. 

Chapter 3 deals with noise generation by moving rigid 
surfaces. The compact Green's function is used to compute 
the radiation from turbulence converting through nozzles and 
over semi-infinite planar edges, and wedges. The interaction 
of free-stream turbulence and vorticity with leading edges is 
addressed. This has application in turbulence ingestion rotor 
noise, and in blade-vortex interaction noise. The chapter 
continues with well-explained noise theories for turbulent 
boundary layers over smooth and rough surfaces, and for 
trailing edges of practical shape; rounded, blunt, serrated, and 
porous. The chapter has examples of noise generated by 
sources moving at very high-speed. They include rotor blades 
that support local shocks, or have cross-sectional profiles that 
result in thickness noise. The time-dependent pressure pulse 
created in a tunnel due to the entering of a high-speed train is 
also discussed. The analysis is detailed enough to show the 
effect of tunnel portal shape on the magnitude of the induced 
pressure pulse. 

Chapter 4 provides analysis of sound sources in the vicinity 
of an elastic plate. The presentation includes the excitation of 
a plate-with and without a coating-by the evanescent 
(subsonic) pressure components of a grazing turbulent flow. 
Structural energy flow within the plate is considered, and the 
effects of structural discontinuities on the scattering of this 
internal, as well as the external, acoustic energy is detailed 
with rigor. Howe solves the flexible trailing edge noise problem 
in the concluding sections of this chapter. 

Chapter 5 provides analysis of fluid-structure interactions 
in which the compliance of the surface contributes to the 
damping of the radiated noise. This is followed by a thorough 
discussion of attenuation of sound by vorticity production at 
edges and by normal or grazing flow interactions with 
perforated screens. This applies to acoustic liners installed in 
a duct with flow. Discussion continues with jetting flow in 
rigid and elastic tube banks, along with the various kinds of 
nonlinear interactions that occur in ducts with acoustic 
streaming, or within the vena contracta that occurs in normal 
flows through apertures. 

Chapter 6 covers the analysis of several resonant and 
unstable systems including cavity resonances and edge tones. 
Expressions are derived for the frequencies of instability, the 
vorticity fluctuations, the radiated sound, or the absorption of 
sound due to flow excited cavities situated in walls or pipes 
(side branches). The theory of edge tones is given equal 
treatment. Howe uses a vortex model of the jet, and then derives 
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the interactions of these vortices with the edge geometry of 
interest. Applications include devices like the hole whistle, 
flue organ pipe, and flute. The final topics of the book are 
flame and combustion instabilities, and thermoacoustic 
engines and heat pumps. The reference section of the book 
is very complete, having 486 entries. 

The book, in general, is quite theoretical and the 
mathematics challenge the reader. But because a well-posed 
model can be used to identify the parameters of a physical 

system that are important from the noise production point of 
view, the formulations found in this book may be very valuable 
in the interpretation and scaling of experimental flow noise 
data collected by the noise control engineer. The models can 
also be used to help plan a test matrix involving many types of 
noise sources of fluid dynamic origin. 

Gerald C. Lauchle 
Dennis K. McLaughlin 

Penn State University 
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Abstract 

A torsional actuator, based on the concept of mechanical amplification of piezoelectric shear strain and capable of generating large 
angular displacement, was proposed and studied experimentally. The actuator is a tube consisting of an even number of the segments 
poled along the length, which are adhesively bonded together, and the joints act as electrodes to apply the driving voltage. The 
experimental data measured on the prototype actuators (i) prove the proposed concept of mechanical amplification of small piezoelectric 
shear strain to generate large torsional motion, (ii) show that the actuator functions well both without load and under the torque load and 
(iii) demonstrate that the actuator can operate continuously for a long period of time without drop in its performance. Also, the results 
demonstrated that the proposed torsional actuator is capable of producing both large torque and large angular displacement in a compact 
package, sufficient to meet many smart structures requirements, and can be tailored for a variety of application requirements. Finally, one 
of the obvious advantages of the present design of the actuator is its simplicity: the piezoelectric shear strain is transformed directly into 
the angular displacement, whereas in the previously reported actuators, the conversion mechanism into the torsional motion was rather 
complicated which thus required a sophisticated design of the whole system. ©2000 Elsevier Science S.A. All rights reserved. 

Keywords: Torsional actuator; Shear strain; Piezoelectric ceramics; Nonlinearity; Reliability 

1. Introduction 

Piezoelectric ceramic materials, such as lead zirconate 
titanate (PZT) are now widely used in solid-state actuators 
and sensors which were designed for numerous applica- 
tions, such as precision positioning, noise and vibration 
sensing and cancellation, linear motors, and many others 
[1,2]. In many of those applications, a large torsional 
displacement is required, for example, in robotics to 
achieve the micropositioning [3,4], in CD drivers [5], in 
helicopters to control the trailing edge flaps (TEF) of rotor 
blades [6-8], etc. To meet this demands, many works have 
recently been devoted to the development of actuators 
capable of generating a large angular displacement with a 
large torque output [3-9] from the piezoelectric strain. 

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

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

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

2. Actuator design 

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

(Fig. 1(a)), in order to produce the angular displacement. A 
schematic view of the actuator is shown in Fig. 1(b). The 
actuator is a tube consisting of an even number of piezo- 
electric ceramic segments which are adhesively bonded 
together using a conductive epoxy, which acts as elec- 
trodes to apply the driving field, E. The segments are 
poled along the length, where the polarization direction 
alternates between adjacent segments. Since the segments 
are electrically connected in parallel, they will exhibit a 
coherent shear deformation under the applied electric field. 
The cylindrical symmetry of the actuator will directly 
transform the shear strain, S5=di5E, induced in each 
segment into the angular displacement, ß, of the top of the 
tube with respect to its bottom (Fig. 1(b)) which is equal 
to: 

ß= —dl5E, (1) 

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

^sU^om 
(2) 

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

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

3. Experimental 

Prototype torsional actuators were fabricated from the 
commercial piezoelectric ceramic tubes of composition 
PZT-5A ("EDO", USA). Each tube was first cut into 
eight segments, which then were poled along the length 
using a continuous poling technique [12]. Finally, the 
segments were bonded together using a silver-filled epoxy 
adhesive MB-10HT/S ("Master Bond", USA), which 
was selected because it has both high shear strength, and is 
easy to process. This adhesive compound was coated on 
both surfaces of the segments, which were then assembled 
into the tubular actuator according to the design shown in 
Fig. 1(b), and cured at 125°C for 1 h using a vacuum 
bagging process. Consolidation of the joints by vacuum 
bagging lead to joints typically 25 u.m in thickness and 
very uniform along their length [12]. The assembled sin- 
gle-tube prototype actuator had the following dimensions: 
Rin = 0.96 cm, R0M = 1.27 cm, and L = 6.35 cm, so that 
the aspect ratio in Eq. (1) was equal to L/Rom = 5. 

According to Eq. (1), in the proposed design of tor- 
sional actuator, the angle ß increases linearly with the 

s5 

Pr 

t 
II    n 

a) 

Fig. 1. (a) In piezoelectric shear effect, electric field, E, is applied perpendicular to the direction of the remanent polarization, Pr, thus, producing the shear 
strain, S5 = d15E, in the sample. Solid and dashed lines show the sample before and after deformation, respectively, (b) The proposed torsional actuator is 
a tube consisting of an even number of the segments of piezoelectric ceramics which are poled along the length and bonded together using a conductive 
epoxy. The polarization direction alternates between adjacent segments, as shown with arrows on the left. The electric field, E, is applied perpendicular to 
P„ and also has opposite directions in neighboring segments (as shown with arrows on the right). Therefore, depending upon the polarity of applied 
voltage, the top of the tube will twist by angle ß either clockwise or counterclockwise with respect to its bottom. 
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Fig. 2. A photograph of the set-up used for the study of the effect of 
external static torque on the response of the torsional actuator. 

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

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

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

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

4.1. Proof of the concept of the torsional actuator 

Fig. 3 summarizes the data which verify the concept of 
the proposed torsional actuator. In Fig. 3(a), the torsional 
angle measured at 10 Hz is plotted as a function of the 
amplitude of the ac driving voltage for two separate tube 
(open circles), and for the same tubes joint lengthwise 
(closed circles). For separate tubes, the actuation behavior 
is almost identical and angular displacement is doubled 
when the length of the actuator is increased by joining 
these two tubes. This behavior agrees with predictions of 
Eq. (1). 

The further proof of the concept of the proposed tor- 
sional actuator is illustrated in Fig. 3(b). The plot com- 
pares the data for the piezoelectric coefficient  dl5  of 
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Fig. 3. (a) Angular displacement of torsional actuator as a function of the 
ac driving voltage for two separate tubes and two tubes joint as one 
assembly, (b) Piezoelectric shear coefficient dl5 as a function of the 
amplitude of the ac driving field, Em. Circles correspond to the data 
calculated from the torsional angle of the actuator, consisting of a single 
tube (closed circles) and two joint tubes (open circles), using Eq. (1). Plus 
signs show the data measured directly from the cubic ceramic sample of 
the same composition, PZT-5A. Symbols show the experimental data and 
the lines correspond to the fit of the data to the linear function, Eq. (7). In 
(a) and (b), the frequency of the ac voltage is 10 Hz. 



A.E. Glazounov et al. /'Sensors and Actuators 79 (2000) 22-30 25 

PZT-5A ceramics derived from the experimentally mea- 
sured data for ß(Em) of a single tube (closed circles) and 
two tubes joint lengthwise (open circles) using Eq. (1), 
where the amplitude Em of the driving field was substi- 
tuted for E, with di5 values measured directly from the 
cubic ceramic samples of the same composition, PZT-5A 
("EDO", USA). As one can see, the values of the dl5 

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

4.2. Evaluation of torsional angle and torque output 

The results reported in Section 4.1 demonstrate that 
knowing the material properties, d[5, the magnitude of 
driving electric field, E, and the tube dimensions, L and 
Rom, the torsional angle produced by the actuator (Fig. 
1(b)) can be calculated using Eq. (1). 

In order to evaluate the torque output, Tdev, developed 
by the actuator, we studied the effect of the torque load on 
static response of the prototypes. In these experiments, a 
static torque, T, was first applied to the actuator, thus, 
producing its initial twisting, ß0. Afterwards, a dc field 
was turned on, with the polarity to induce a twisting of the 
actuator in the direction opposite to ß0. In Fig. 4, the 
torsional angle ß measured on the two joint tubes is 
plotted as a function of the driving field at different torque 
loads. The blocking torque of the actuator can be evaluated 
from the intersection of the curve ß(E) measured at a 
fixed torque load, with the dashed line corresponding to 
ß = 0. The zero torsional angle means that at that value of 
the electric driving field the absolute value of the torque, 
rdev, developed by the actuator is equal to the external 
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Fig. 4. Torsional angle of the two-tube actuator is plotted as a function of 
applied dc field at different external static torque. 
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Fig. 5. The effect of the static torque on the dynamic response of the 
torsional actuator. The values of the piezoelectric coefficient dls calcu- 
lated from the data on the torsional angle are plotted as a function of the 
amplitude of the ac driving field. The frequency of the field is 10 Hz. The 
values of applied torque are given in the legend. 

static torque, T. For example, at £ = 2.5 kV/cm, the 
torque output is approximately equal to 3rdev = 6 N m, as 
can be concluded from the curve measured under external 
torque of 6 N m, Fig. 4. 

4.3. Effect of the torque load on actuator performance 

The effect of the torque load on the static response of 
the prototype actuator is illustrated in Fig. 4 for the 
two-tube assembly. This data clearly demonstrates that the 
torque load almost does not change the response of the 
actuator to the dc field, because the initial twisting, ß0, 
can be completely nullified by the appropriate choice of 
the magnitude of the electric field, and because the slope 
of ß(E) curve, which according to Eq. (1) gives the shear 
piezoelectric coefficient, dl5(E), does not show marked 
change with increasing T (cf. Fig. 4). Similar result was 
obtained for the single tube actuator. 

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

4.4. Frequency dependence of torsional angle 

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

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

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

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

L   tan ah 
ß = dl5E- —, (3) 

and the electrical admittance of the actuator is given by: 

(tan ah 
1-^5 + ^5-^- (4) 

where a = lirf^ps^ (p is the density of PZT), &15 is 
shear electromechanical coupling coefficient, and CQ is 
the electrical capacitance of the tube in stress-free condi- 
tion. The resonances occur when ah = nir/2 (n is the odd 
value), which gives the resonance frequency equal to: 
fr = n/AL^ps^ . Using Eq. (4), around the first resonance 
frequency fT with n = 1, we can substitute the tube with 
the equivalent circuit which is shown in Fig. 6(b). In this 
circuit, C0 = C0

T(1 - k2
l5\ N = </,5(Ä0Ut - Rj/s^, Cm = 

SLS4JTT\R
2

OU1 -Rl), Lm = l/(27r/r)
2CM, and we took 

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

ß 
8Ö„ dX5EmL 

77 R„ 
sin(2?r/rf-90°), (5) 

R„ ah 

when the electric driving field changes with time as: 
E(t) = Emsin(2irftt). Eq. (5) shows that at resonance there 
is a phase shift of -90° between the torsional angle and 
the driving field, and that the amplitude of the torsional 
angle should be amplified by the factor of SQm/v

2 

compared to the low-frequency value given by Eq. (1). 
Inspection of the experimental data showed that the 

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

The additional angular amplification of the torsional 
angle by a factor of %Qm/tT1 at resonance frequency is 
very important for possible application of the torsional 
actuator in the piezoelectric motors, where the actuators 
usually operate in a resonance mode. To make the stator of 
the motor, the tube shown in Fig. 1(b) may be combined 
with another piezoelectric actuator generating longitudinal 
displacement. The combination of torsional and longitudi- 
nal displacements will produce an elliptical motion of the 
contact surface between the stator and rotor, which may be 
necessary to spin the rotor [14]. 
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4.5. Reliability test of prototype actuator 

At present, most commercially available solid state 
actuators are fabricated of the ferroelectric ceramics PZT. 
A common feature of ferroelectric materials is a fatigue, or 
a degradation of their properties caused by cycling them 
with the electrical field of large magnitude. In addition, in 
the tubular assembly of the actuator (Fig. 1(b)), there is 
also a possibility of the fatigue caused by bonding layer 
between segments. Therefore, the reliability test of the 
actuator should include the study of time variation of 
actuator performance related with its fatigue under re- 
quired operation conditions. 

In present work, the actuator was driven by an ac field 
of amplitude Em = 1.5 kV/cm and frequency 20 Hz. The 
change in the torsional angle with time was monitored 
using a MTI-2000 fotonic sensor and lock-in amplifier. 
Fig. 7 shows ß as a function of the number of the fatigue 
cycles, N. As one can see, the torsional angle remains 
nearly constant with N up to 3 • 106 cycles (which corre- 
sponds to 2 days of continuous operation). This result 
indicates that there is no degradation of torsional actuator 
caused by large ac driving field. 

The absence of the fatigue shown in Fig. 7 agrees with 
the results of other studies of the fatigue in ferroelectric 
ceramics. For example, it was shown [15] that the fatigue 
in PZT ceramics was observed only when the amplitude of 
the ac driving field exceeded the coercive field, and, thus, 
caused the switching of the spontaneous polarization. The 
fatigue occurred already after 104 cycles. At the same 
time, when the driving field was smaller than the coercive 
field (even being very close to it), no fatigue was ob- 
served, up to 106 cycles [15]. Based on this result, one 
should not expect electrical fatigue in the case of the 
torsional actuator studied in this work. This is because in 
this actuator one uses the shear piezoelectric effect, where 
the electric field is applied in the direction perpendicular to 
the spontaneous polarization, and drives the material with 

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

For torsional actuators studied in this work, the experi- 
ments were limited to the use of the driving field of 
Em — 2-3 kV/cm. This limit was mostly determined by 
the desire to avoid a possible damage to the actuator due to 
the electrical short circuit related with the discharge over 
the surface of the segments, which was observed above 
approximately 3-3.5 kV/cm. If special precautions, re- 
lated with an electrical insulation of the contacts are made, 
the electric driving field can be significantly higher. Spe- 
cial test was performed on a cubic sample of PZT-5A 
immersed into silicone oil, where electric field was applied 
in the direction perpendicular to the spontaneous polariza- 
tion, and the shear strain, S5(E\ was measured using 
MTI-2000 fotonic sensor. With electric fields as high as 
£m = 9 kV/cm, no evidence for the polarization switching 
into direction along the electric field was observed: the 
field dependence of induced strain, SS(E\ had a cigar-like 
shape and remained fully reversible upon increase and 
decrease of the field amplitude, Em. If the polarization 
switching occurred, the strain would change from shear to 
longitudinal one and its field dependence would have a 
shape of the "butterfly loop", which characterizes the 
strain related with the polarization reversal in ferroelectric 
materials [16]. 

Another reliability test included the measurements of 
the mechanical strength of the torsional actuator. The 
results of this study will be published separately. Here, we 
mention only that the mechanical fracture strength of the 
actuator was determined by the mechanical strength of 
PZT ceramics, and not by the joints between ceramic 
segments. This conclusion was suggested by the inspection 
of the fragments of the broken prototype actuator, and was 
supported by the fact that the fracture shear stress of the 
tube, crfr = 13 MPa, almost coincided with that of PZT 
ceramics of the same composition, crfr« 14 MPa, which 
was measured for the cubic ceramic sample [17]. 
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Fig. 7. Torsional angle is plotted as a function of the number of fatigue 
cycles. 

5. Tailoring of the characteristics of the torsional actua- 
tor for different applications 

The specific values of torsional angle and torque output 
can be different for each particular application. Using the 
results obtained in this work, we can evaluate the proposed 
torsional actuator to its application in helicopter rotor 
blades in TEF, where the actuation should reduce the 
vibration and improve the lifting power [6-8]. The eight 
seat commercial helicopter [12] requires the following 
values: ß = ±4° and 7dev = 5 + 3 N m. The prototype 
torsional actuators made of PZT-5A ceramics has d15 = 
1800 pm/V at E = 4 kV/cm (Fig. 3(b)), which yields the 
angular displacement ß= ±0.4° (for L/Roa= 10), and 
the torque output rdev = 40 N m. Even though the angular 
displacement is smaller than the required values, it can be 
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Fig. 8. Shear strain calculated from the experimentally measured values 
of the torsional angle is plotted as a function of the external static torque 
at different values of the dc driving voltage. Closed symbols correspond 
to the actuator consisting of two joint tubes and open circles show the 
data for the single tube. 

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

Each particular application will set the requirements not 
only for the absolute values of the torsional angle and/or 
torque developed, but also will limit the actuator dimen- 
sions. Based on the result of this study, we can suggest the 
following ways to improve the characteristics of the pro- 
posed torsional actuator. The increase in the magnitude of 
induced shear strain, S5 = dl5 E, will result in the increase 
of both ß and rdev, as predicted by Eqs. (1) and (2). This 
implies the use of larger values of driving electric field and 
the development the new piezoelectric materials with higher 
values of shear piezoelectric coefficient, d]S (see Section 
6). From the engineering point of view, the increase in the 
torque output of the actuator, Eq. (2), can be achieved by 
using the tube with a larger outer radius, RoM (which gives 
an increase proportional to R3

0Ut), and with a smaller ratio 

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

already showed that the joining two identical tubes doubles 
the torsional angle. To demonstrate that the torque output 
remains the same, for the same tubes we compare the data 
for the torsional angle, j3, measured as a function of static 
torque load, T, at different magnitudes of the dc driving 
voltage. Using Eq. (1), we calculate the shear strain as: 
S5 = ßROM/L, and plot the data for S5{T) in Fig. 8. As one 
can see, for the same value of the driving field, the data for 
single tube and two joint tubes agree well. Since according 
to Eq. (2), the shear strain produces the torque Töev, this 
result indicates that for tubular actuator, the torque output 
is independent of the length of the tube. 

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

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

"end 2" "end 1" 

piezoelectric ceramics 

organic matrix 

Fig. 9. Schematic drawing of the torsional actuator fabricated in the form 
of the cone. It is expected, that in the real application, the end 1 is fixed 
at a support, while the torsional displacement is produced at the end 2. 
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than that in the tubular structure (Fig. 1(b)), and the 
effective outer radius of the actuator, Äout, becomes 
smaller, since now it is the radius of the actuator at the end 
2. The combined effect will be the increase in the amplifi- 
cation factor, L/Rwt, in Eq. (1) and, therefore, in the 
produced torsional angle. 

6. Nonlinear piezoelectric effect 

In actuator and transducer applications, the piezoelectric 
ceramics is often subjected to high electric fields where the 
electric field dependence of induced strain is strongly 
nonlinear [2]. It is believed that the nonlinearity of the 
piezoelectric response of PZT ceramics is controlled by the 
irreversible displacement of domain walls [20-22] which 
separate regions of the material with different orientation 
of spontaneous polarization. The domain wall motion may 
be affected by many factors, including the crystal structure 
and microstructure of ceramics, the presence of impurities, 
dopants, defects, and a local variation in the composition 
of ceramics [2,21]. Possible mechanisms of domain wall 
motions have recently been discussed in detail in Refs 
[21,22]. 

Shear piezoelectric response of PZT-5A strongly de- 
pends upon the magnitude of the driving electric field. 
This is evident from Fig. 3(b), where one can see that at 
E = 3 kV/cm, the magnitude of piezoelectric shear coeffi- 
cient, dl5, of PZT-5A is doubled compared to the low field 
value, which is usually reported in manufacturer datasheets. 
Also, one can see that within the studied range of the ac 
field amplitude, the data corresponding to both ceramic 
sample and tubular actuators can be fit to the linear 
function: 

dls = d15(0)+aEm, (6) 

where dl5(0) is the low-field limit of piezoelectric shear 
coefficient and a is the parameter. The fit of the data to 
Eq. (6) is shown in Fig. 3(b) with the lines. 

This result suggests two conclusions which are impor- 
tant for practical application of PZT. First, the knowledge 
of how the material response changes with the amplitude 
of the driving field and its proper mathematical description 
are important for the modeling of the device performance. 
The data shown in Fig. 3(b) contradicts to a conventional 
description of strain response of ferroelectrics, where the 
field induced strain is expressed in terms of the Taylor 
series expansion in terms of electric field. Using symmetry 
arguments, one would expect to have the following expres- 
sion for di5(E) [22]: 

dl5=dl5(0)+biEl + b2E
4

m + ... (7) 

Thus, for the device modeling, Eqs. (1) and (2), one should 
use the experimentally derived linear dependence of 
dl5(E), Eq. (6), rather than the polynomial expansion, Eq. 
(7). The second conclusion is important for the materials 

development for their application in torsional actuator. The 
strong change in the piezoelectric shear coefficient with 
electric driving field indicates that one should optimize the 
entire characteristic dX5(E) in order to achieve the highest 
value of the piezoelectric coefficient, di5(E), as a function 
of the driving field. The higher the dt5, the larger will be 
the values of the torsional angle and the torque output, 
according to Eqs. (1) and (2). 

7. Summary 

In this work, we performed a detailed experimental 
study of a novel type of the piezoelectric torsional actua- 
tor. The data obtained prove the proposed concept of the 
torsional actuator, show that the actuator functions well 
both without load and under the torque load, and demon- 
strate that the actuator can operate continuously for a long 
period of time without drop in its performance. Compari- 
son of the experimental data obtained on the tube and 
ceramic samples, such as piezoelectric shear coefficient, 
d15, and mechanical fracture stress, crfr, indicates that the 
material properties determine the performance of the tor- 
sional actuator. Also, the experimental results demon- 
strated that the proposed torsional actuator is capable of 
producing both large torque and large angular displace- 
ment in a compact package, sufficient to meet many smart 
structures requirements, and can be tailored for a variety of 
application requirements. Finally, one of the obvious ad- 
vantages of the present design of the actuator is its simplic- 
ity: the piezoelectric shear strain is transformed directly 
into the angular displacement. 
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6.35.1 INTRODUCTION 

Piezoelectric and electrostrictive ceramic ma- 
terials have become key components in smart 
actuator/sensor systems for use as precision 
positioners, miniature ultrasonic motors, and 
adaptive mechanical dampers. In particular, 
composite structures such as multilayers, multi- 
morphs, and moonies/cymbals have been inten- 
sively investigated in order to improve their 
reliability and to expand their applications. 
Recent developments in USA, Japan, and Eur- 
ope will be compared. 

6.35.2 TRENDS IN CERAMIC 
ACTUATORS 

Piezoelectric actuators are forming a new 
field midway between electronic and structural 
ceramics (Uchino, 1993, 1994, 1995c, 1996). 
Application fields are classified into three cate- 
gories: positioners, motors, and vibration sup- 
pressors.   The   manufacturing   precision   of 

optical instruments such as lasers and cameras, 
and the positioning accuracy for fabricating 
semiconductor chips, which are adjusted using 
solid-state actuators, is of the order of 0.1 um. 
Regarding conventional electromagnetic mo- 
tors, tiny motors smaller than 1 cm are often 
required in office or factory automation equip- 
ment, and are rather difficult to produce with 
sufficient energy efficiency. Ultrasonic motors 
whose efficiency is insensitive to size are super- 
ior in the minimotor area. Vibration suppres- 
sion in space structures and military vehicles 
using piezoelectric actuators is also a promising 
technology. 

Composite structures, in particular, multi- 
layer structures (2-2 composites, in which 
each phase connects two-dimensionally), are 
mainly used for practical applications because 
of their low drive voltage, high energy density, 
quick response, and long lifetime (Yoshikawa 
and Shrout, 1993; Uchino, 1995b). Figure 1 
illustrates multilayer, multimorph, and multi- 
layer-moonie structures, which will be covered 
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Figure 1   Examples of multilayer, multimorph, and multilayer-moonie structures. 

in this chapter. Recent investigations have 
focused on the improvement of reliability and 
durability in multilayer actuators. 

This chapter reviews the investigations of 
device structures, reliability issues, and recent 
applications of composite actuators, comparing 
the developments in USA, Japan, and Europe. 

6.35.3   COMPOSITE STRUCTURES 

Two preparation processes are possible for 
multilayer ceramic devices: one is a cut-and- 
bond method and the other is a tape-casting 
method. The tape-casting method requires ex- 
pensive fabrication facilities and sophisticated 
techniques, but is suitable for the mass-produc- 
tion of thousands of pieces per day. Tape-cast- 
ing also provides thin dielectric layers, leading 
to low drive voltages of 40-100 V (Dibbern, 
1995; Takada et ah, 1994). 

A multilayer actuator with interdigital inter- 
nal electrodes has been developed by Tokin 
(Ohashi et al., 1993a, 1993b). In contrast to 
the conventional electrode configuration in 
Figure 1, line electrodes are printed on piezo- 
electric ceramic green sheets, and are stacked in 
such a way that alternating electrode lines are 
displaced by one-half pitch (see Figure 2). This 
actuator generates motions at right angles to 
the stacking direction using the longitudinal 
piezoelectric effect. Long ceramic actuators up 
to 74 mm in length are manufactured. 

A three-dimensional positioning actuator 
with a stacked structure has been proposed by 
PI Ceramic (Figure 3), in which shear strain is 
utilized to generate x and y displacements 
(Bauer and Möller, 1995). Notice that by add- 
ing another parameter, that is, the polarization 

Figure 2   Structure of an internal interdigital elec- 
trode actuator. 

direction to a 2-2 composite configuration, a 
new function such as the displacement to a 
different direction can be supplemented. 

Composite actuator structures called 
"moonies" and "cymbals" have been developed 
at Pennsylvania State University to provide 
characteristics intermediate between the multi- 
layer and bimorph actuators. These transducers 
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Z-stack (10 single elements) 
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Figure 3   3-D controllable multilayer piezoelectric actuator. 

exhibit an order of magnitude larger displace- 
ment than the multilayer, and much larger gen- 
erative force with quicker response than the 
Dimorph (Sugawara et al., 1992; Onitsuka 
et al., 1995). The device consists of a thin multi- 
layer piezoelectric element and two metal plates 
with narrow moon-shaped cavities bonded to- 
gether as shown in Figure 1. A moonie 
5 x 5 x 2.5 mm3 in size can generate a 20 urn 
displacement under 60 V, eight times as large as 
the displacement of a multilayer of the same 
size (Goto et al., 1992). This new compact 
actuator has been used to make a miniaturized 
laser beam scanner (Goto et al., 1992). Moonie/ 
cymbal characteristics have been investigated 
for various constituent materials and sizes 
(Tressler et al, 1994; Dogan et al, 1994). 

6.35.4   ACTUATOR MATERIALS 

Actuator materials are classified into three 
categories: piezoelectric, electrostrictive, and 
phase-change materials. Modified lead zirco- 
nate titanate [PZT, Pb(Zr,Ti)03] ceramics are 
currently the leading materials for piezoelectric 
applications. The PLZT [(Pb,La)(Zr,Ti)03] 
7/62/38 (La, 7at.%; Zr, 62at.%; Ti, 38at.%) 
compound is one such composition (Furuta 
and Uchino, 1986). The strain curve is shown 
Figure in 4(a), left. When the applied field is 
small, the induced strain x is nearly propor- 
tional to the field E (x = dE, where d is the 
piezoelectric constant). As the field becomes 
larger (i.e., greater than about lkVcm-1), 
however, the strain curve deviates from this 
linear trend and significant hysteresis is exhib- 

ited due to polarization reorientation. This 
sometimes limits the usage of such materials 
in actuator applications that require nonhys- 
teretic response. 

An interesting new family of actuators has 
been fabricated in Germany from a barium 
stannate titanate system [Ba(Sn,Ti)03] (Cie- 
minski and Beige, 1991). The useful property 
of Ba(Sn0.i5 Ti0.8s)O3 is its unusual strain curve, 
in which the domain reorientation occurs only 
at low fields, and there is then a long linear 
range at higher fields (Figure 4(a), right); i.e., 
the coercive field is unusually small. Moreover, 
this system is particularly intriguing since it 
contains no Pb ions, an essential feature as 
ecological concerns grow in the future. 

The second category of actuators is based on 
electrostriction as in PMN [Pb(Mg1/3Nb2/3)03] 
based ceramics, developed in the USA. 
Although a second-order phenomenon of elec- 
tromechanical coupling (x = ME2, where M is 
called the electrostrictive constant), it can be 
extraordinarily large (more than 0.1%) (Cross 
et al., 1980). An attractive feature of these 
materials is the near absence of hysteresis 
(Figure 4(b)). The superiority of PMN to PZT 
was demonstrated in a scanning tunneling mi- 
croscope (STM) (Uchino, 1988). The PMN 
actuator could provide extremely small distor- 
tion of the image even when the probe was 
scanned in the opposite direction. 

The third category is based on phase-change- 
related strains, i.e., polarization-induced by 
switching from an antiferroelectric to a 
ferroelectric state, as systematically investi- 
gated by our group (Uchino and Nomura, 
1983).   Figure 4(c)  shows  the  field-induced 
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Figure 4   Electric field-induced strains in ceramics, (a) Piezoelectric (Pb,La)(Zr,Ti)03 and Ba(Sn Ti)03 (b) 
Electrostrictive Pb(Mg1/3 Nb2/3, Ti)03. (c) Phase-change material Pb(Zr,Sn,Ti)03. 

strain curves taken for the lead zirconate stan- 
nate based system [Pbo^Nbo^CZr^Sn^^) 
i-yTiy)0$%O?\. The longitudinally induced 
strain reaches more than 0.3%, which is much 
larger than that expected in normal piezostric- 
tors or electrostrictors. A rectangular-shape 
hysteresis in Figure 4(c), left, referred to as a 
"digital displacement transducer" because of 
the two on/off strain states, is interesting. 
Moreover, this field-induced transition exhibits 
a shape memory effect in appropriate composi- 
tions (Figure 4(c), right). Once the ferroelectric 
phase has been induced, the material "mem- 
orizes" its ferroelectric state even under zero- 
field conditions, although it can be erased with 
the application of a small reverse bias field 
(Furuta et ah, 1992). This shape memory cera- 
mic is used in energy saving actuators. 

6.35.5   RELIABILITY OF MULTILAYER 
ACTUATORS 

As the application fields expand, the reliabil- 
ity and durability issues of multilayer actuators 
become increasingly important. The reliability 
of ceramic actuators depends on a number of 
complex factors, which can be divided into 
three major categories: reliability of the ceramic 

itself, reliability of the device design, and drive 
technique. 

Compositional changes of actuator ceramics 
and the effect of doping are primary issues used 
in stabilizing the temperature and stress depen- 
dence of the induced strains. A multilayer 
piezoactuator for use at high temperatures 
(150°C) has been developed by Hitachi Metal, 
using Sb203 doped (Pb,Sr)(Zr,Ti)03 ceramics 
(Watanabe et ah, 1993). Systematic data on 
uniaxial stress dependence of piezoelectric char- 
acteristics have been collected on various Navy 
PZT materials (Zhang et ah, 1996). Grain size 
and porosity control of the ceramics are also 
important in controlling the reproducibility of 
actuators (Okada et ah, 1993). Aging phenom- 
ena, especially the degradation of strain re- 
sponse, are, in general, strongly dependent on 
the applied electric field as well as on tempera- 
ture, humidity, and mechanical bias stress 
(Sakai et ah, 1992). 

The device design strongly affects its durabil- 
ity and lifetime. Silver electrode metal tends to 
migrate into the piezoceramic under a high 
electric field in high humidity. Silver-palladium 
alloys suppress this behavior effectively. Resis- 
tive coatings of the device should also be taken 
into account (Takada, 1992). To overcome elec- 
trode delamination, improved adhesion can be 
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Figure 5   Various internal electrode configurations in multilayer actuators, (a) Interdigital, (b) plate- 
through, (c) slit-insert, and (d) float, electrode. 

realized by using a mesh-type electrode or an 
electrode material with mixed metal and cera- 
mic powders. Pure ceramic electrode materials 
have also been developed using semiconductive 
perovskite oxides (barium titanate-based 
PTCR ceramics) (Abe et al, 1986). The lifetime 
characteristics of a multilayer actuator with 
applied d.c. or unipolar a.c. voltage at various 
temperatures (Nagata and Kinoshita, 1994, 
1995a) and at various humidities (Nagata and 
Kinoshita, 1995b) have been investigated. The 
relationship between the logarithm of the life- 
time and the reciprocal of absolute temperature 
showed linear characteristics similar to Arrhe- 
nius type. Nevertheless, the degradation me- 
chanism remains a critical problem. 

In multilayer actuators, reduction of the ten- 
sile stress concentration around the internal 
electrode edge of the conventional interdigital 
configuration is the central problem. Regarding 
the destruction mechanism of multilayer cera- 
mic actuators, systematic data collection and 
analysis have led to considerable progress (Fur- 
uta and Uchino, 1993, 1994; Aburatani et al., 
1994; Wang and Singh, 1995; Cao and Evans, 
1994; Schneider et al., 1994; Suo, 1993; Hao 
et al., 1996). Two typical crack patterns are 
generated in a conventional interdigital multi- 
layer device: one is a Y-shaped crack located on 
the edge of an internal electrode, and the other 
is a vertical crack located in a layer adjacent to 
the top or bottom inactive layer, connecting a 
pair of internal electrodes. 

To overcome this crack problem, three elec- 
trode configurations have been proposed as 
illustrated in Figure 5: plate-through, interdigi- 
tal and slit, and interdigital and float electrode 
types. The "float electrode" type is an especially 
promising design which can be fabricated using 
almost the same process as the conventional 
multilayer actuator, and lead to much longer 
lifetimes (Aburatani et al., 1995). An empirical 
rule, "the thinner the layer, the tougher the 
device" (Aburatani et al, 1994; Furuta and 
Uchino, 1994) is also very intriguing, and will 

be more theoretically investigated in the near 
future. 

Failure detection or lifetime prediction meth- 
ods are expected to remarkably increase the 
reliability of multilayer actuators. Acoustic 
emission and surface potential monitoring are 
promising methods (Uchino and Aburatani, 
1994). Penn State has developed a modified 
multilayer actuator containing a strain gauge 
as an internal electrode. This internal strain 
gauge electrode can detect the crack initiation 
sensitively and monitor the field-induced strain 
(Aburatani and Uchino, 1996). 

Regarding drive techniques for ceramic ac- 
tuators, pulse drive and a.c. drive require spe- 
cial attention; the vibration overshoot 
associated with a sharp-rise step/pulse voltage 
causes a large tensile force, leading to delami- 
nation of the multistacked structure, while 
long-term application of a.c. voltage generates 
considerable heat. A special pulse drive techni- 
que using a mechanical bias stress is required in 
the first case, and heat generation can be sup- 
pressed by changing the device design. An ana- 
lytical approach to the heat generation 
mechanism in multilayer actuators has been 
reported, indicating the importance of larger 
surface area (Zheng et al., 1996). Heat genera- 
tion in piezoelectric ceramics is mainly attribu- 
ted to the P-E hysteresis loss under large 
electric field drive (Hirose et al., 1995b; Taka- 
hashi et al, 1995). For ultrasonic motors, anti- 
resonance drive is preferable to resonance drive 
because of higher efficiency and lower heat 
generation for the same vibration level (Hirose 
et al, 1995a). 

6.35.6   APPLICATIONS OF 
MULTILAYER ACTUATORS 

Table 1 compares a variety of ceramic actua- 
tor developments in the USA, Japan, and Eur- 
ope. Additional details will be described in this 
section. 
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Table ] Ceramic actuator developments in the USA, Japan, and Europe. 

USA Japan Europe 

Target Military-oriented products Mass-consumer products Laboratory equipment 
Category Vibration Suppressors Positioner Minimotor 

^_ Minimotor Positioner 

Application field Space structures Office equipment 
Vibration suppressor 
Lab stage-steppers 

Military vehicles Cameras 
Precision machines 
Automobiles 

Airplanes 
Automobiles 
Hydraulic systems 

Actuator size Upsizing Downsizing Intermediate size 
(30 cm) (1cm) (10 cm) 

Major manufacturer AVX/Kyocera Tokin Corp. Philips 
Morgan Matroc NEC Siemens 
Itek Opt. Systems Hitachi Metal Hoechst Ceram Tec. 
Burleigh Mitsui Chemical Ferroperm 
AlliedSignal Canon 

Seiko Instruments 
Physik Instrumente 

6.35.6.1   USA Tinv actuators smaller tin an 1 r.m   arpi thp main 

The principal target is military-oriented ap- 
plications such as vibration suppression in 
space structures and military vehicles. Substan- 
tial upsizing of the actuators is required for 
these purposes. 

A typical example is found in the aircraft 
wing proposed by NASA (Heeg, 1993). A 
piezoelectric actuator was installed near the 
support of the wing, allowing immediate sup- 
pression of unwanted mechanical vibrations. 
Several papers have reported on damper and 
noise cancellation applications (Mather and 
Tran, 1993; Agrawal and Bang, 1993). 

Passive dampers constitute another im- 
portant application of piezoelectrics, where me- 
chanical noise vibration is radically suppressed 
by the converted electric energy dissipation 
through Joule heat when a suitable resistance, 
equal to an impedance of the piezoelectric ele- 
ment l/caC, is connected to the piezoelement 
(Uchino and Ishii, 1988). A widely publicized 
application took place with the image correc- 
tion mechanism of the Hubble telescope 
launched by the Space Shuttle. Multilayer 
PMN electrostrictive actuators corrected the 
image by adjusting the phase of the incident 
light wave (Figure 6) (Wada, 1993). PMN elec- 
trostrictors provided superior adjustment of the 
telescope image because of negligible strain 
hysteresis. 

6.35.6.2   Japan 

Japanese industries seek to develop mass- 
consumer products, especially minimotors and 
micropositioners, aimed at applications such as 
office equipment and cameras/video cameras. 

focus in these products. 
A dot matrix printer was the first widely 

commercialized product using multilayer cera- 
mic actuators (Yano et al, 1984). Each char- 
acter formed by such a printer was composed of 
a 24 x 24 dot matrix in which a printing ribbon 
was impacted by a multiwire array. The print- 
ing element was composed of a multilayer 
piezoelectric device with a sophisticated hinge 
lever magnification mechanism. The magnifica- 
tion by a factor of 30 resulted in an amplified 
displacement of 0.5 mm and an energy transfer 
efficiency greater than 50%. A modified impact 
printer head has been developed by Tokin, 
using new interdigital internal electrode type 
actuators, which have lowered production 
cost (Ono and Fuda, 1994). A color ink-jet 
printer has also been commercialized by Seiko 
Epson, using multilayer piezoactuators (Yone- 
kubo, 1995). Automotive applications by 
Toyota Motor have been accelerated recently. 
Multilayer actuators have been introduced to 
an electronically controlled suspension (Fu- 
kami et al., 1994) and a fuel injection system 
for diesel engines (Abe et al, 1994). 

Efforts have been made to develop high- 
power ultrasonic vibrators as replacements for 
conventional electromagnetic motors. The ul- 
trasonic motor is characterized by "low speed 
and high torque," which is contrasted with the 
"high speed and low torque" of the electromag- 
netic motors. After invention of the rc-shaped 
linear motors (Tohda et al., 1989), various 
modifications have been reported (Funakubo 
et al, 1995; Saigoh et al, 1995). The Mitsui 
Petrochemical model is of particular interest 
because the motor body is composed of only 
one component prepared by a co-firing method 
as illustrated in Figure 7 (Saigoh et al., 1995). A 
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Figure 6   Articulating fold mirror using PMN multilayer actuators. 
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Figure 7   Monolithic multilayer piezoelectric linear motor. 

maximum speed of 200 mm s-1 and a maxi- 
mum thrust of 0.6 N were reported for this 
motor. 

Camera motors utilize a traveling elastic 
wave induced by a thin piezoelectric ring. A 
ring-type slider in contact with the "rippled" 
surface of the elastic body bonded onto the 
piezoelectric can be driven in both directions 
by exchanging the sine and cosine voltage in- 
puts. Another advantage is its thin design, mak- 
ing it suitable for installation in cameras as an 
automatic focusing device. Nearly 80% of the 
exchange lenses in Canon's "EOS" camera ser- 
ies have ultrasonic motor mechanisms installed 
(Uchino, 1995a). 

Intriguing research programs are underway 
in Japan on the vibration damping of earth- 
quakes using piezoelectric actuators (Shimoda 
et ah, 1992; Fujita, 1994).. Active damping of a 
multilayer piezoactuator was tested using an 
actual size H-type steel girder, and was verified 
to be effective during earthquakes. 

6.35.6.3   Europe 

Ceramic actuator development has begun 
relatively recently in Europe with a wide range 

of research topics (minimotors, positioners, and 
vibration suppressors). A current focus of sev- 
eral major manufacturers is on laboratory 
equipment products such as laboratory stages 
and steppers with rather sophisticated 
structures. 

Figure 8 shows a walking piezomotor with 
four multilayer actuators by Philips (Koster, 
1994). Two short actuators function as clam- 
pers while the two longer actuators provide a 
proceeding distance in an inchworm mechan- 
ism. Physik Instrumente has developed more 
complicated two-leg type walkers (Gross, 
1994). 

6.35.7   CONCLUSIONS 

Twenty-five years have passed since the in- 
tensive development of piezoelectric actuators 
began in Japan, then spread worldwide. Pre- 
sently, the focus has been shifted to practical 
device applications. This chapter has reviewed 
several reliability issues of composite ceramic 
actuators such as multilayers, bimorphs, and 
other new actuator structures, and compared 
the developments of recent applications among 
USA, Japan, and Europe. 
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Figure 8   An inchworm using multilayer piezoelectric actuators. 

The markets in USA are chiefly limited to 
military and defense applications, and it is dif- 
ficult to estimate the amount of sales. The 
current Navy needs include smart submarine 
skins, hydrophone actuators, and prop noise 
cancellation. Smart aircraft skins are an Air 
Force objective, while Army requires helicopter 
rotor twisting, aeroservoelastic control, and 
cabin noise/seat vibration cancellation. 

Meanwhile in Japan, piezoelectric shutters 
(Minolta Camera) and automatic focusing me- 
chanisms in cameras (Canon), dot-matrix prin- 
ters (NEC), and part-feeders (Sanki) are now 
commercialized and mass-produced by tens of 
thousands of pieces per month. During the 
commercialization, new composite designs 
which can amplify the displacement levels, 
and drive-control techniques with high effi- 
ciency using simple and cheap power supplies, 
have been mainly developed over the past few 
years. A number of patent disclosures have 
been generated by NEC, TOTO Corporation, 
Matsushita Electric, Brother Industry, Toyota 
Motors, Tokin, Hitachi Metal, and Toshiba. 

If we estimate the annual sales in 2005 (ex- 
pecting economical recovery in Japan), ceramic 
actuator units, camera-related devices, and ul- 
trasonic motors are expected to reach $500 
million, $300 million, and $150 million, respec- 
tively. Regarding the final actuator-related pro- 
ducts, $10 billion is a realistic goal (Uchino, 
1995a). 

Future research trends can be divided in two 
ways: upsizing in space structures and down- 
sizing in office equipment. Further downsizing 
will also be required in medical diagnostic ap- 
plications such as blood test kits and surgical 
catheters. 

Key words for the future of ceramic actua- 
tors are "miniaturization" and "hybridization." 

Layers thinner than 1.0 um, corresponding to 
current multilayer capacitor technology, will 
also be introduced in actuator devices replacing 
the present 100 urn sheets. Piezoelectric thin 
films compatible with silicon technology are a 
focus in microelectromechanical systems. Ul- 
trasonic rotary motors as small as 2 mm in 
diameter (Flynn et ah, 1992) and two-dimen- 
sional micro-optical scanners (Goto, 1994), 
both of which were fabricated on a silicon 
membrane, are good examples. 

Nonuniform configurations or heterostrac- 
tures of different materials, layer thickness, or 
electrode patterns will be adopted for practical 
devices. Functionally gradient piezoelectric ac- 
tuators now being prototyped indicate a new 
trend (Kim et al, 1992). 

Developments of sophisticated composite ac- 
tuator structures will be definitely required. 
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RECENT TREND OF PIEZOELECTRIC 
ACTUATOR DEVELOPMENTS 

- Material, Design and Drive Technique Related Issues - 
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Abstract: 
In these several years, piezoelectric materials have bocome key components in smart actuator/sensor syste 
such as precision positioners, miniature ultrasonic motors and adaptive mechanical dampers. This paper revk 
recent developments of piezoelectric and related ceramic actuators with particular focus on the improvemeni 
actuator materials, device designs, and control techniques. 

INTRODUCTION 

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

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

CERAMIC ACTUATOR MATERIALS 

The research focus is still put on the enhancement of 
induced strain magnitude (real part). However, the 
research trend is gradually shifting to the 
improvement of strain hysteresis or loss (imaginary 
part) of the piezoelectric materials, which is more 
important for the actual commercialization of the 
piezoelectric actuators. Also optomechanical 
coupling devices are a new trend, targetting the 
coming optical information age. Recent six topics 
are reviewed here: single crystas, thin/thick films, 
phase-change materials, polymers, high-power 
piezoelectrics and photostrictive materials. 

Relaxor Single Crystal Transducers 

Since the enhancement of the induced strain leve 
a primary target, single crystals with a be 
capability for generating larger strains are trii 
been used in these days. 

In 1981, we firstly reported an enormously la 
electromechanical coupling factor k33 = 92-9 
and piezoelectric constant d33 = 1500 pC/N in sc 
solution single crystals between relaxor and non 
ferroelectrics, Pb(Zni/3Nb2/3)03-PbTi03 [5 
This discovery has not been marked practically 
more than 10 years until high k materials have b 
paid attention in medical acoustics recently. Th 
data have been reconfirmed, and much m 
improved data were obtained recently, aiming 
medical acoustic applications [7,8]. The strains 
large as 1.7% can be induced practically fo: 
morphotropic phase boundary composition of 
PZN-PT solid solution single crystals. It is nota 
that the highest values are observed for 
rhombohedral composition only when the sin 
crystal is poled along the perovskite [001] axis, 
along the [111] spontaneous polarization axis. 

Epitaxial PZT Films 

A series of theoretical calculations made 
perovskite type ferroelectric crystals suggests t 
large d and k values in similar magnitudes to P2 
PT can also be expected in PZT. Crystal orientat 
dependence of piezoelectric properties \ 
phenomenologically calculated for composite 
around the morphotropic phase boundary of P 
[9]. The maximum longitudinal piezoelec 
constant d33 (4-5 times enhancement) ; 
electromechanical coupling factor K33 (more than 
%) in the rhombohedral composition were found 
be at 57° and 51° angles, respectively, canted fr 
the spontaneous polarization direction [111], wh 
correspond roughly to the perovskite [100] axis. 



Figure 1 shows the principle of the enhancement in 
electromechanical couplings. Because the shear 
coupling di5 
is the highest in perovskite piezoelectric crystals, the 
applied field should be canted from the spontaneous 
polarization direction to obtain the maximum strain. 

t* 
VL 

d33eff 

Fig.l Principle of the enhancement in electromechanical 
couplings in a perovskite piezoelectric. 

Some research groups including us are 
demonstrating [001] oriented epitaxially grown 
thin/thick films using a rhomboherial PZT 
compostion, which are expected to enhance the 
effective piezoelectric constant by 4-5 times [10]. 

Phase-Change Materials 

Concerning the phase-change-related strains, 
polarization induction by switching from an 
antiferroelectric to a ferroelectric state has been 
proposed [11]. 
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Fig.2 Field-induced strain curves for the lead zirconate stannate 
system Pbo.99Nb0.02ttZrxSnI_x)]-yTiy)o.9803- Top: x=0.55, 

y=0.065, and bottom: x=0.70, y=0.045. 

Figure 2 shows the field-induced strain curves taken 
for the lead zirconate stannate based 
Pbo.99Nbo.02((ZrxSni.x)i_y Tiy)0.98O3 system 
(top: x=0.55, y=0.065; and bottom: x=0.70, 
y=0.045). The longitudinally induced strain reaches' 
up to 0.4%, which is larger than that expected in 
normal piezostrictors or electrostrictors. A 
rectangular-shape hysteresis in Fig.2 top, referred to 
as a "digital displacement transducer" because of the 
two on/off strain states, is interesting. Moreover, 
this field-induced transition exhibits a shape 
memory effect in appropriate compositions (Fig.2 
bottom). Once the ferroelectric phase has been 
induced, the material will "memorize" its 
ferroelectric state even under zero-field conditions, 
although it can be erased with the application of a 
small reverse bias field [12]. This shape memory 
ceramic is used in energy saving actuators. A 
latching relay is composed of a shape memory 
ceramic unimorph and a mechanical snap action 
switch, which is driven by a pulse voltage of 4ms. 
Compared with the conventional electromagnetic 
relays, the new relay is much simple and compact w 
structure with almost the same response time. 

Polymer Actuators 

Polyvinylidene difluoride-trifluoroethylene (PVDF- 
TrFE) copolymer is a well-known piezoelectric 
which has been popularly used in sensoi 
applications such as keyboards. Recently, Q. M 
Zhang's group at Penn State reported that the fiele 
induced strain level can be significantly enhancec 
up to 5 % by using a high-energy electror 
irradiation onto the PVDF films [13]. 

Dielectric elastomer actuators are based on thi 
deformation of a soft polymer which acts as i 
dielectric between highly compliant electrodes 
This effect is dominated by the Maxwell's stresse; 
imposed by the compliant electrodes. Extremel; 
high strains at low frequencies have been reportec 
by Pelrine et al. [14]. In-plane strains of more thai 
100% and 200% were observed in silicone am 
acrylic elastomers, respectively. 

High-Power Piezoelectrics 

In order to obtain a large output mechanical powe: 
the piezoelectric materials are driven under a hig 
vibration level, namely under a relatively large Ai 
electric field. This causes heat generation as well E 
a significant degradation in piezoelectric propertie: 
Therefore, the high-power device such as a 
ultrasonic motor requires a very "hard" piezoelectri 
with a high mechanical quality factor QM. • 
suppress heat generation. The QM is defined as a 
inverse value of the loss factor, tan8m. It is als 
notable that the actual mechanical vibratic 
amplitude at the resonance frequency is direct! 



proportional to this QM value. Recent research 
efforts by S. Hirose, S. Takahashi and us are 
introduced below. 

The vibration velocity dependence of the 
piezoelectric constant, permittivity, elastic 
compliance and electro-mechanical coupling factor 
was obtained for PZT based samples [15]. Figure 3 
shows the mechanical quality factor QM and the 
actual temperature rise plotted as a function of the 
average vibration velocity. Notice a significant 
decrease in Q above a certain critical vibration level, 
which is the limit of the output vibration energy. 
Even if the input electrical energy is increased 
further, the additional energy will be converted only 
into heat. 

Figure 4 shows the temperature rise versus vibration 
velocity for undoped, Nb-doped and Fe-doped PZT 
samples. The suppression of heat generation is 
remarkable in the Fe-doped (acceptor-doped) 
ceramic. 
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Figure 5 shows mechanical QM versus mole fract 
of Zr (x) at effective vibration velocities vn=0 
m/s and 0.5 m/s for Pb(ZrxTii-x)C>3 doped with : 

at.% of Fe^+[16] The decrease in mechanical 
with increase in vibration level is minimum arou 
the rhombohedral-tetragonal morphotropic ph; 
boundary (52/48). In other words, the wc 
material at a small vibration level becomes the b 
at a large vibration level, and data obtained from 
conventional impedance analyzer are not relevant 
high power materials. 

At present, the highest value 0.62m/s of I 
maximum vibration velocity (defined at 20oC r 
from room temperature) can be obtained in i 
z)Pb(ZrxTii-x)03-zPb(Mni/3Sb2/3)03 at x = 0.< 
y = 0.05 [17]. 

Figure 6 highlights the key material-related fact< 
affecting heat generation in the piezoelect 
material. . The resistances Rd and Rm in t 
equivalent electrical circuit are separately plotted 
a function of vibration velocity [18]. Note that R 
mainly related to the mechanical loss, is insensiti 
to the average vibration velocity, while R& relat 
to the dielectric loss, changes significantly arounc 
certain critical vibration velocity. Thus, t 
resonance loss QM"

1
 
at a small vibration velocity 

mainly determined by the extensive mechanical lo: 
and with increasing vibration velocity, the extensi 
dielectric loss contribution significantly increas« 
We can conclude that heat generation is caus 
primarily by dielectric loss (approximated by the 
E hysteresis loss). Refer to Ref.[19] for the detail 
discussion on the loss mechanisms in piezoelectric: 
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Photostrictive Actuators 

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

A photo-driven micro walking device, designed to 
begin moving by light illumination, has been 
developed [21]. It is simple in structure, having 
neither lead wires nor electric circuitry, with two 
bimorph legs fixed to a plastic board. When the legs 
are irradiated alternately with light, the device 
moves like an inchworm with a speed of 
100(im/min. 

In pursuit of thick film type photostrictive actuators 
for space structure applications, in collaboration 
with researchers at Jet Propulsion Laboratory we 
investigated the optimal range of sample thickness 
and surface roughness dependence of photostriction. 
We have found that 30 urn thick PLZT films exhibit 
the maximum photovoltaic phenomenon [22]. 

ACTUATOR DESIGNS 

Two of the most popular actuator designs ar 
multilayers and bimorphs. The multilayer, in whic 
roughly 100 thin piezoelectric/electrostrictiv 
ceramic sheets are stacked together, has advantage 
in low driving voltage (100V), quick respons 
(lOusec), high generative force (lOOkgf) and hig 
electromechanical coupling. But the displacemer 
in the range of 10(im is not sufficient for som 
applications. This contrasts with the bimorpl 
consisting of multiple piezoelectric and elasti 
plates bonded together to generate a large bendin 
displacement of several hundred urn, DUt th 
response (1msec) and the generative force (lOOgf 
are low. 

A multilayer actuator with interdigital intern; 
electrodes has been developed by Tokin [23]. I 
contrast to the conventional electrode configuratioi 
line electrodes are printed on piezoelectric gree 
sheets, and are stacked so that alternationg electrod 
lines are displaced by one-half pitch. This actuate 
generates motions at right angles to the stackin 
direction using the longitudinal piezoelectric effec 
Long ceramic actuators up to 74 mm in length wei 
manufactured, which could generate ft 
displacement up to 55um. 

A three-dimensional positioning actuators with 
stacked structure has been proposed by PI Cerami 
in which shear strain is utilized to generate x and 
displacements [24]. 

A monomorph device has been developed to replac 
the conventional bimorphs, with simpler structui 
and manufacturing process. The principle is 
superposed effect of piezoelectricity ar 
semiconductivity [25]. The contact between 
semiconductor and a metal (Schottky barrier) causi 
non-uniform distribution of the electric field, eve 
in a compositionally uniform ceramic. Suppose th 
the ceramic possesses also piezoelectricity, only oi 
side of a ceramic plate tends to contract, leading to 
bending deformation in total. A monomorph pla 
with 30mm in length and 0.5 mm in thickness c< 
generate 200u.m tip displacement, in equ 
magnitude of that of the conventional bimorph 
The "rainbow" actuator by Aura Ceramics [26] is 
modification        of        the above-mention< 
semiconductive piezoelectric monomorphs, whe 
half of the piezoelectric plate is reduced so as 
make a thick semiconductive electrode to cause 
bend. 

A composite actuator structure called the "mooni 
has been developed at Penn State to provii 
characteristics intermediate between the multilay 
and bimorph actuators; this transducer exhibits ; 
order of magnitude larger displacement than t 



multilayer, and much larger generative force with 
quicker response than the bimorph [27,28]. Figure 7 
shows the structures for a Moonie and a modified 
Cymbal. A Cymbal with a thickness 2 mm and a 
diameter 12 mm can generate a displacement up to 
100 urn. The Cymbal has been applied to make a 
miniaturized laser beam scanner. 

PZT 

Fig.7 Comparison of the structures for a Moonie (a) and a 
Cymbal (b). 

DRIVE TECHNIQUES 

One of the problems in wide commercialization of 
piezoelectric actuators and ultrasonic motors 
includes rather bulky and expensive drive circuitry 
inevitably required. Noticing that the largest 
components in the drive circuit are electromagnetic 
transformers, we have been working on replacing 
these conventional e transformers with piezoelectric 
transformers. The piezotransformer has input and 
output terminals fabricated on a piezo-device, and 
the input/output voltage is changed through the 
vibration energy transfer. 

Historically, piezoelectric transformers were used in 
color TV's because of their compact size in 
comparison with the conventional electromagnetic 
coil-type transformers. Since serious problems were 
found initially in the mechanical strength (collapse 
happened at the nodal line!) and in heat generation, 
the original Rosen-type failed to be commercialized. 

However, recent lap-top computers with a liquid 
crystal display require a very thin, no 
electromagnetic-noise transformer with a high 
efficiency as an inverter of a fluorescent backlight. 
This application has accelerated the development of 
the piezo-transformer recently. NEC recently 
commercialized a multilayer rectangular type 
transformer in order to increase the voltage step-up 
ratio, using a third-order longitudinal mode, which is 
one method to distribute the stress concentration 
[29]. 

We proposed a new disk type transformer which has 
a higher voltage step-up ratio and a wider 
application area than the rectangular types. Our disk 
type with an asymmetrical electode pattern utilizes a 
coupled vibration mode between kp and k15, different 
from kj, of the conventional types. Since kp and k15 

are larger than k,, in most of PZT based 
piezoelectrics, our design provides a higher step-up 
ratio and a higher efficiency than the rectangular 
types.  Moreover, stress concentration in the device 

under driving is remarkably released, leading t< 
longer lifetime [30]. 

We propose a new application of these pie 
transformers,     that    is,    power    supplies 
piezoelectric  actuators  and ultrasonic motors 
schematically illustrated in Fig.  8.    The pie 
transformers can reduce the total system volume < 
weight significantly. 

Ultrasonic 
»or 

Batter Low Piezo- 
voltage trans- 
input   former 

Fig.8 Piezoactuator drive system using a piezo-transformer 

FUTURE RESEARCH TREND 

Future research trends will be divided into t\ 
ways: up-sizing in space structures and down-sizi 
in office equipment. Further down-sizing will al 
be required in medical diagnostic applications su 
as blood test kits and surgical catheters. 

Piezoelectric thin films campatible with silio 
technology will be much focused in micr 
electromechanical systems. An ultrasonic rota 
motor as tiny as 2 mm in diameter fabricated on 
silicon membrane is a good example [31]. 

One ceramic multilayer component actuat 
proposed by Mitsui Chemical is very suggestive f 
predicting the future trend [32]. Only by tl 
external connection, a combined vibration of tl 
longitudinal I4 and bending B2 modes can. 1 
excited. The Penn State University has developed 
compact ultrasonic rotory motor as tiny as 3 mm 
diameter. The stator consists basically of tv 
piezoelectric rings and a metal ring with "windmil 
shaped fingers bonded together, so as to generate 
coupled vibration of radial and bending types on 
finger [33]. Since the component number and tl 
fabrication process were minimized, the fabricatic 
price would be decreased remarkably, and it wou 
be adaptive to the disposable usage. When driven 
160 kHz, the maximum revolution 2000rpm and tl 
maximum torque 0.8mNm were obtained for a 
mm motor. Notice that even the drive of the moti 
is intermittent, the output rotation becomes vej 
smooth because of the inertia of the rotor 

Miniaturization and integration of the drive circu 
will be also an important research area for the actu 



wide commercialization of piezoactuatos and 
ultrasonic motors. Piezoelectric transformers may 
cause a breakthrough for this application. 

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

Safety systems or health monitoring systems have 
been proposed with two feedback mechanisms: 
position feedback which can compensate the 
position drift and the hysteresis, and breakdown 
detection feedback which can stop the actuator 
system safely without causing any serious damages 
onto the work, e.g. in a lathe machine [34]. 
Acoustic emission and internal potential 
measurements, and resistance monitoring of a strain- 
gauge type internal electrode embedded in a piezo- 
actuator under a cyclic electric field drive are good 
predictors for the lifetime [35,36]. 

Future research and development should focus on 
superior systems ecologically (i.e. fit for human!) as 
well as technologically. Material-wise, Pb (lead)- 
free piezoceramics have started to be developed 
partly due to the governmental regulation expected 
in the near future. Single crystals such as barium 
titanate and potasium niobate/tantalate based are the 
primary targets [37]. Safety systems, which can 
monitor the fatigue or the destruction symptom of 
materials/devices, and stop the equipment safely 
without causing serious problems, will be desired. 
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Compact Piezoelectric Stacked Actuators for 
High Power Applications 

Kui Yao, Member, IEEE, Kenji Uchino, Member, IEEE, Yuan Xu, Shuxiang Dong, and Leong Chew Lim 

Abstract—Small, hollow, multilayer actuators with a di- 
ameter of 3 mm were fabricated by the stacking method 
from piezoelectric hard lead zirconate titanate (PZT) ce- 
ramics. Langevin vibrators were also constructed with the 
hollow multilayer actuators. The performance capabilities 
of the actuator and Langevin vibrator samples were ex- 
amined under high-power conditions. The high-power vi- 
bration level at a given sinusoidal drive voltage was sig- 
nificantly enhanced by using a multilayer structure under 
either a nonresonance or resonance condition. A maximum 
vibration velocity of 0.17 m/sec was obtained for the 9-layer 
actuator sample under nonresonance conditions. The vibra- 
tion velocity was further improved with the Langevin vibra- 
tor driven at the resonance frequency. The temperature rise 
due to heat generation under high-power conditions was the 
immediate limitation on the maximum accessible vibration 
velocity for the stacked actuators. 

I. INTRODUCTION 

HIGH-POWER piezoelectric devices, such as ultrasonic 
motors and piezoelectric transformers, are being in- 

tensively investigated [1]. Because piezoelectric devices of- 
ten have significant advantages over conventional electro- 
magnetic devices at smaller sizes, miniaturization of piezo- 
electric devices is attractive. Multilayer structures offer 
better generative force, electromechanical coupling, and 
energy density properties than other configurations such 
as bimorph [2], [3] and moonie structures [4], [5]; thus 
they are promising designs for compact devices [6], [7]. 
Commercialized multilayer actuators have been designed 
and specified as devices to provide pseudo-static or pulse 
displacements. These actuators have been used for optical 
modulations, such as optical interferometers [8], [9] and 
deformable mirrors [10], [11]; vibration suppression and 
active damping [12]; fluid control [13]; and printer heads 
[14], [15]. The use of such multilayer actuators also has 
been attempted for high-power piezoelectric devices [16]- 
[20]. However, their applicability when driven at their ul- 
trasonic resonance frequency under large electric field is in 
question due to the losses associated with the piezoelectric 
soft materials, which may produce considerable heat gen- 
eration [18], [21]. Therefore, to meet the present need for 
compact piezoelectric actuators suitable for high power ap- 
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plications, we developed stacked multilayer actuators with 
diameters as small as 3 mm and with hollow structures 
from a hard lead zirconate titanate (PZT) material. The 
use of hard piezoelectric material and the hollow struc- 
ture favor the suppression of a temperature increase, even 
under high-power conditions. 

In the literature, theoretical analyses were conducted 
to clarify the electromechanical dynamic response, power 
transfer and consumption, and thermal effects of the 
stacked piezoelectric structures under dynamic driving 
condition [22]-[25]. However, it is difficult to quantitatively 
predict the actual electromechanical and thermal behav- 
iors for the stacked actuators under high power conditions 
due to their composite structures and complicated mate- 
rials related mechanisms. Experimental studies on the dy- 
namic properties of the co-fired multilayer actuators [26]- 
[28] and disc-stacked actuators [29] under dynamic driving 
conditions also are being conducted. The actuators under 
these investigations were prepared from soft piezoelectric 
ceramic. The disc-stacked actuators in the previous dy- 
namic study have a large size, and the reported experi- 
mental results on their high frequency dynamic response 
and thermal behaviors are very few. 

This paper reports the development of the miniaturized, 
hollow, stacked multilayer actuator samples from hard 
PZT ceramic, and their electromechanical and heat gener- 
ation characteristics. Considering the important applica- 
tions of the metal-ceramic composite vibrators [30]-[32], 
Langevin vibrators also were fabricated with the stacked 
actuators, and the effects of the stacked actuators on their 
performance also were examined. 

II. FABRICATION AND EXPERIMENTAL MEASUREMENTS 

Ceramic tubes with an outside diameter of 3 mm were 
first prepared from commercialized hard PZT powders 
(PZT-841, APC International Ltd.) by a molding and sin- 
tering process. The tubes were subsequently cut into thin 
annular disks with a 1 mm hole at the center. The ceramic 
disks were polished to a thickness of 0.25 mm and elec- 
troded with fired on silver. This was followed by a poling 
process done at 150° C for 10 min. with an electric field of 
2.5 kV/mm to get piezoelectrically active ceramic rings. 

Hollow 3 mm multilayer samples were fabricated by 
bonding multiple piezoelectric rings and copper electrode 
shims alternately with epoxy. On an average, the thickness 
of each epoxy layer was 5 /um. An exploded view for the 
assembly of the multiple PZT ceramic and copper layers 
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Fig. 1. An exploded view for the stacked, hollow, multilayer actuator. 
(1) Copper shims, (2) PZT ceramic rings, (3) copper caps. 

wzMmmm&m;m 

Fig. 2. An axial and side view of the 3 mm stacked hollow multilayer 
actuator samples. The metric ruler in the photo indicates the scale. 

is shown in Fig. 1. Note that the polarization direction be- 
tween the adjacent PZT disks was opposite. The copper 
shims, each with a thickness of 25 /im, were sandwiched 
between the PZT rings as the electrode. The electrode 
configuration is referred to as a plate-through type [1]. 
Extended fingers of the copper shims were exposed for ex- 
ternal electrical connection with silver paste. Two hollow 
copper cylinder caps were attached to the two terminals. 
A photo of the 3 mm multilayer samples is shown in Fig. 2. 
The 3 mm Langevin vibrators were constructed with the 
actuators by substituting two long and hollow brass cylin- 
ders for the short caps to increase the total length and 
enhance the vibration magnitude near the longitudinal res- 
onance frequency [33]. 

The mechanical quality factor, Qm, for the adopted 
PZT material was 1400, which is favorable for suppressing 
heat generation. The hollow structure is not only advan- 
tageous for heat dissipation, but it is also compatible with 
a structural design for ultrasonic motor applications. 

The dielectric properties of the samples were examine 
with a Stanford LCR Meter (SR715) and the impedanc 
spectra were measured with an HP Impedance/Gain 
Phase Analyzer (HP4194A). The dielectric loss under 
high-drive electric field was characterized by examinirj 
the hysteresis between the electric polarization and th 
drive field with a Sawyer-Tower circuit. The d33 value c 
the ceramic ring was measured by an acoustic metho 
with a Piezo d33 Meter. The pseudo-static displacemer 
of the samples was measured using a linear variable di: 
ferential transformer (LVDT). The displacement in a fh 
quency range of 0.1 Hz-200 kHz, including the displace 
ment at the resonance frequency of the Langevin vibr« 
tor, was measured with an MTI Fotonic Sensor (MTI200C 
with the sample clamped at the center of its length. Th 
measured displacement from the Fotonic Sensor was dou 
bled to represent the total displacement in the longitudinz 
direction. The vibration velocity was calculated based o 
the displacement of one terminal surface versus the clamp 
ing point (i.e., half of the total displacement) to represeu 
the actual velocity of one of the terminals of the actuatoi 
To examine the temperature rise of the samples at a high 
power driving condition, a thermocouple with a diamete 
of 25 pro. was fixed with an adhesive agent at the center c 
the lateral surface. 

III. RESULTS AND DISCUSSION 

A. Dielectric Properties 

A single piezoelectric ceramic ring showed a dielectri 
constant, ej3/e0, of about 1300 and a dielectric loss c 
0.35% at 1 kHz under low field conditions. This compare 
well to the specified values of 1380 and 0.35%, respectivelj 
indicating the sample was well sintered. Low dielectric los 
was preferred because loss is a major source of heat genera 
tion. The dielectric loss of the laminated multilayer sampl 
under low field conditions, measured with the impedanc 
analyzer at 1 kHz, which was far below the resonance fre 
quency, varied from 0.4 to 0.5%, depending upon the sam 
pies. 

The hysteresis of polarization as a function of alter 
nating electric field at 10 Hz for a 9-layer sample is givej 
in Fig. 3. The loop area was calculated to be 0.34 juJ/mnr 
which stands for the dielectric loss per AC drive cycle un 
der a voltage of 220 V peak-to-peak. 

B. Impedance Spectra and Qm 

Fig. 4 shows the impedance spectra of a single rin] 
and a multilayer 3 mm piezoelectric actuator. The firs 
impedance peak at 547 kHz for the single ring was at 
tributed to the first radial resonance mode and the peal 
near 4.75 MHz attributed to the thickness mode. Afte 
the lamination and assembly for a 9-layer sample with tw< 
copper caps, the thickness-mode resonance peak of the sin 
gle ring disappeared, and a new resonance peak appeare« 
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Fig. 3. P-E hysteresis loop for a 9-layer hollow actuator sample. 
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Fig. 4. Impedance spectra of a single ceramic ring and a 9-layer 
actuator. The admittance circle near the thickness-mode resonance 
and antiresonance frequencies of the 9-layer actuator is presented. 

near 223 kHz. This was interpreted as the longitudinal res- 
onance of the laminated body. The first radial mode res- 
onance peak shifted slightly to 565 kHz in the multilayer 
sample. 

To characterize the apparent mechanical quality fac- 
tor, Qm, the admittance circles near the resonance- 
antiresonance peaks were measured. Qm was then deter- 
mined by: 

Qm1 = («3 - wi)/wo (1) 

where w0 is the resonance angular frequency and ui\ and 
W2 are the first and second quadrantal angular frequen- 
cies, respectively [34]. For the 9-layer actuator samples, 
the admittance circle near the thickness-mode resonance 
and antiresonance frequencies was not ideal, and some spu- 
rious signals were revealed. A typical admittance circle is 
presented in Fig. 4 with u0, u)\, and u>2 designated. The 

E 

"c 
CD 

E 
<D 
U a 
a. 
<0 

Q 

u.o  i 1 1 1 1 •-   "i       '      ■ i       

9 layer stack 

0.6 

X^ 
0.4 

yy         - 
0.2 // 

Sy/                       single layer 

0.0 

i            .           r            .           I           .           I            .           I           . 

50 100 150 

Voltage (V) 

200 250 

Fig. 5. Displacement of a single ceramic ring and a 9-layer actuator 
sample under a sine wave drive voltage of 220 V peak-to-peak at 0.2 
Hz. 

measured Qm's for the single ring were 280 and 240 for the 
radial mode and thickness mode resonance, respectively. 
Qm's for the 9-layer actuator sample were 45 and 35, re- 
spectively. Thus, the Qm of the ceramic ring measured by 
the admittance circle method was significantly lower than 
the specified Qm value of the materials and was further 
decreased for the multilayer stacks. The small size and 
annular shape of the composite structure, along with the 
epoxy in the actuator, led to complicated clamping effects, 
complicated boundary and interface conditions, and multi- 
mode coupling effects. Consequently, lower Qm values were 
measured. As Qm further decreases under high-power con- 
ditions [35]-[37], the apparent Qm of the actuator mea- 
sured by the admittance circle method at low-drive volt- 
ages could not be used to analyze the performance under 
high-power conditions. 

C. Displacement 

The measured 0^33 value of the ceramic ring was about 
300 x 10~12 C/N, which was close to the specified data of 
323 x 10~~12 C/N. Fig. 5 shows the pseudo-static displace- 
ment of a single ceramic ring and a 9-layer stacked actuator 
under a peak-to-peak drive voltage of 220 V at a frequency 
of 0.2 Hz. A displacement of 0.67 /an was produced with 
a hysteresis of 10.2% under the applied voltage in the 9- 
layer sample, which was approximately 9 times that of 
the single ring. The hysteresis, 10.2%, was larger than the 
hysteresis of the single ring, 6.6%. The frequency depen- 
dence of the displacement from 0.1 Hz to 100 kHz of the 
9-layer actuator showed that the displacement decreased 
slightly with increasing frequency. Fig. 6 gives the dynamic 
displacement response when the sample was driven under 
220 V peak-to-peak at 100 kHz, well below the resonance 
frequency. The displacement was 0.55 /zm. 
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Fig. 6. Dynamic displacement response of a 9-layer actuator sample 
under a sine wave driving voltage of 220 V peak-to-peak at 100 kHz. 

D. Vibration Velocity and Temperature Rise 

The temperature rise of a 9-layer stacked actuator due 
to heat generation driven off-resonance at 100 kHz with 
different voltages is shown in Fig. 7. The temperature rise 
was significant when the drive voltage exceeded 200 V at 
100 kHz. A temperature rise of more than 50°C was ob- 
served when it was driven at 220 V. The corresponding 
maximum vibration velocity of one terminal of the sample 
defined by (2): 

^max = 271-/ X 5/2 (2) 

was about 0.17 m/sec, where f and S are the drive fre- 
quency and total displacement between the two terminals 
of the sample, respectively. The maximum sample temper- 
ature under a drive voltage of 220 V was close to 80° C. 
This was the highest temperature observed that was not 
accompanied by a significant degradation in the perfor- 
mance of the sample. Thus in the present investigation, the 
resulting temperature rise was the most immediate limita- 
tion on the maximum accessible vibration velocity for the 
stacked actuators. The vibration velocity corresponding to 
the temperature rise of 20° C, which is sometimes defined 
as the maximum vibration velocity for a device, was about 
0.15 m/sec. 

A theoretical analysis carried out by the authors indi- 
cates that, if the conduction heat transfer rate through 
the lead wires of an actuator is negligible compared to the 
rate of heat flow by radiation and convection, the temper- 
ature rise of the actuator T — T0 can be approximately 
expressed as [28]: 

T-T0 = ST(l-e-i). (3) 

The ratio of the total temperature rise at the final thermal 
balance condition, ST, to the time constant, T, is equiva- 
lent to the initial rate of temperature rise and is expressed 
as: 

ST 
T 

ufve 

pcv 

100      150      200 

Time (sec) 
250     300 

(4) 

Fig. 7. Temperature rise of a hollow 9-layer actuator sample due to 
heat generation when driven under various peak-to-peak sine wave 
voltages at 100 kHz. 

where u is the loss of the sample per driving cycle per 
unit volume; v is the total volume of the sample; ve is the 
piezoelectric active volume; and p, c, and f are the density, 
specific heat, and driving frequency, respectively. 

Exponential curves calculated according to (3) also are 
plotted in Fig. 7 with the dotted lines, which match the ex- 
perimental data well. However, all the experimental curves 
in Fig. 7 showed that the temperature dropped slightly af- 
ter it rapidly rose to a maximum value. This may be at- 
tributed to the heat sink of the metal end caps and the 
outward extended internal electrode shims. The heat sink 
effect became stronger at higher temperatures, resulting 
in larger deviations of the experimental data from the ex- 
ponential curves. 

According to (4), u was calculated as 0.08 /zJ/mm3 un- 
der 220 V based on the values of r and c5T derived from the 
exponential fit results. This was only about 1/4 of the P-E 
loss per drive cycle at 10 Hz, which we measured in Sec- 
tion A. The main reason for this difference could be the 
smaller P-E loss at 100 kHz at an elevated temperature 
than that at 10 Hz at room temperature. The dielectric 
measurements at a low electric field showed that the di- 
electric loss of the sample at 100 kHz was only about 30% 
of that at 10 Hz at room temperature. The dielectric loss 
at 100 kHz at a temperature of 75° C was about 88% of 
that at room temperature. Additionally, the heat sink ef- 
fects of the end-caps and the outward extended internal 
electrode shims enhanced the heat dissipation, leading to 
a lower temperature rise than that expected from theoret- 
ical analysis. If a similar frequency and temperature de- 
pendence of the dielectric loss under 220 V are assumed, 
the above thermal analysis appears to be reasonable. This 
may also indicate that the dielectric loss was the main con- 
tribution to the total loss and heat generation when the 
actuators were driven off resonance. 

Although a high apparent Qm value was not achieved 
in the tiny, hollow stacked-actuator sample comprised of 
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hard PZT ceramic and copper layers bonded by epoxy, 
the observed temperature rise seemed to be much smaller 
than that in soft PZT ceramics [28]. The reason was be- 
lieved to be that the low dielectric loss in the hard ceramic 
played a more essential role to suppress heat generation 
than the mechanical loss when the samples were driven 
under non-resonance conditions. (Note that the Qm is de- 
rived under the resonance condition, and the mechanical 
loss plays a dominant role on the Qm value when the di- 
electric loss is relatively low). In addition, the small size, 
hollow structure, metal end caps and outward extended 
internal electrode were preferred features to enhance heat 
dissipation. The Qm value was not very adequate for a 
reasonable judgement of the actual thermal effect of the 
actuator. Directly monitoring the temperature rise of the 
actuator was a more reliable method to finally determine 
the limitation of the highest driving power. 

The organic epoxy in the stack structure was not favor- 
able due to its low thermal conductivity, low Qm value, 
and low maximum operating temperature. Tape-casting 
and co-firing multilayer actuators avoid these unfavorable 
features brought about by the organic binder. However, 
more efforts must be made to minimize the problems of 
delamination and crack formation occurring in the co-fired 
multilayer actuators in order to achieve the desired long- 
term reliability under high-power driving conditions [38]. 

E. Application for Langevin Vibrators 

The longitudinal displacement of the 3 mm Langevin 
vibrators activated by 10-layer and 2-layer PZT stacks in 
the frequency range of 0.1 Hz to 200 kHz under 100 V 
is shown in Fig. 8. The total length for both of the two 
Langevin vibrators was 23 mm. Two major displacement 
resonance peaks were observed for each Langevin vibrator. 
The vibration magnitudes of the Langevin vibrator with 
a 10-layer stack were 2.6 and 1.2 /mi at the first and sec- 
ond resonance frequencies, respectively, compared to only 
0.4 and 0.34 /jm for the vibrator with a 2-layer stack. The 
maximum vibration velocity was 0.62 m/sec at the second 
resonance frequency for the Langevin vibrator activated 
by the 10-layer stack under 100 V, whereas it was about 
0.18 m/sec for that activated by the 2-layer stack. The 
vibration velocity 0.62 m/sec of the Langevin vibrator ac- 
tivated by the 10-layer stack was about 11 times that of the 
10-layer stack under the same drive voltage and frequency. 
The actual displacement responses of the two Langevin 
vibrators at their respective second resonance frequency 
also are presented in Fig. 8. These results confirmed that 
much larger displacements and vibration velocities could 
be achieved even at the resonance frequency if the number 
of the piezoelectric ceramic layers for the Langevin vibra- 
tor was increased. 

F. Discussion 

The performance of the developed multilayer actua- 
tor showed that it could be used for high-power condi- 
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Fig. 8. Frequency dependence of the longitudinal displacement of the 
two Langevin vibrators, one with a 10-layer and the other with a 2- 
layer stacked actuator. Both are 3 mm in diameter and driven by a 
sine wave voltage of 100 V peak-to-peak. The dynamic displacement 
response curves at their respective second resonance conditions of 
the two vibrators are also shown. 

tions even under nonresonance conditions. A maximum 
vibration velocity of 0.17 m/sec under a stress-free con- 
dition was realized with a 9-layer stacked actuator sam- 
ple under 220 V at 100 kHz, which was below the reso- 
nance frequency. Generally, high power operation of the 
piezoelectric actuators is conducted at the resonance fre- 
quency to reduce the drive voltage. However, the resonance 
only occurs in a very narrow frequency range, particu- 
larly for high Qm materials, and the resonance frequency 
strongly depends on the drive voltage, vibration velocity 
[35], load, and temperature. Such high-power devices can- 
not work stably without accessory feedback systems to 
control their driving frequencies. Using the multilayer ac- 
tuators provides an alternative way to reduce the input 
impedance and drive voltage in high-power devices off- 
resonance, leading to large vibration magnitude as well 
as high stability. 

Typically, a Langevin vibrator is activated with a 2- or 
4-layer piezoelectric stack [30]-[32]. The application of the 
10-layer stacked actuator for the Langevin vibrator in the 
present work was to examine the effect of the number of the 
stack layers on the vibration level under resonance condi- 
tions. The above-stated significant enhancement of the vi- 
bration magnitude and velocity by increasing the number 
of the piezoelectric stack layers confirmed the advantage 
of the multilayer stack for high-power applications under 
resonance conditions. With multilayer Langevin vibrators 
formed with more active layers, much larger vibration am- 
plitudes were achieved. 
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IV. SUMMARY 

Compact multilayer actuators as small as 3 mm in di- 
ameter and characterized by a hollow structure were fab- 
ricated by a stacking method using hard PZT ceramic. 
Several 3 mm Langevin vibrators also were constructed 
with the developed multilayer actuators. The low dielec- 
tric loss of the hard PZT ceramic, the hollow structure, 
and the metal end caps and outward extended internal 
electrodes were favorable for suppressing the temperature 
rise accompanying high-level vibrations. A maximum vi- 
bration velocity of 0.17 m/sec was achieved under nonres- 
onance conditions at each terminal of the 9-layer actua- 
tor. The vibration velocity was greatly improved with the 
Langevin vibrator driven at the resonance frequency. By 
increasing the number of stacked layers, the vibration level 
at the resonance of the Langevin vibrator with a constant 
total length was significantly enhanced. The capability and 
advantage of the multilayer actuators for high-power piezo- 
electric applications were demonstrated at both nonreso- 
nance and resonance conditions by our experimental re- 
sults. Heat generation under high-power drive was the im- 
mediate limitation on the maximum accessible vibration 
velocity for the stacked actuators. 
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Abstract. A flextensional actuator was designed using commercial multilayer stacked actuator so as to produce 
large displacements at intermediate force levels. The simple design chosen eliminated the need for bonding the 
actuators into the frame and permitted easy series connection of multiple units. To satisfy the need for a fiber 
grating tuning device to interrogate an array of Bragg grating fiber optic stress sensors, a tuning device using four 
series connected units was constructed. The unit performs well, but the actual measured amplification is less than 
theoretical expectation. The problem was traced to unwanted flexing of the simple original frame and a hinged 
more robust flexing beam construction was shown to eliminate the problem. 

Keywords:    piezoelectric actuator, flextensional amplifier, optical fiber grating system 

1.   Introduction 

The use of precisely tuned fiber optic grating system 
to permit the monitoring of local strain at a number of 
locations along a long glass fiber stress sensor has 
important applications in specialized space structure. 
To interrogate such gratings sequentially, it is 
desirable to have an agile sensor which can be tuned 
over a range of optical frequencies. Such an agile filter 
can be envisaged using a fiber optic grating system 
whose period is varied by mechanically stretching the 
fiber. For this type of application, typical requirements 
are a gauge length of 45 mm with a tuning range of 
+ 100/mi which for a conventional fiber would 
require a generative force at order ION. Clearly, the 
strain required + 0.22% is beyond the range of a 
simple piezoelectric material driven through d^ or d33 

[1] and some amplification is necessary if a piezo- 
electric device is to be used [2]. In this realization, a 
simple flextensional device is demonstrated in a 
design that can use commercial multilayer co-fired 

stacked actuators and eliminates the need for glue 
bonds. The design also permits easy series connection 
of the flextensionals and four such series connected 
device (named Dual Opposing Actuator, U.S. patent 
applied for) are shown to satisfy the current tuning 
need. 

2.   Experimental Procedure 

The single-cell flextensional actuator is shown in 
Fig. 1. The metal frame is made by EDM (Electric 
Discharge Machining) from a whole piece of brass for 
both single cell and array. The piezoelectric multi- 
layer actuator used is a commercial Tokin actuator, 
the dimension of the single cell is 5 x 5 x 18 mm, with 
the displacement capability of 15^m/100V and 
blocking force of 87 kg/100 V. Two single actuators 
were bonded to a steel substrate by J.B. Weld epoxy. 
Both metal frame and the steel substrate base have a 
hole at the center position in order to let the fiber pass 
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Piezoelectric Multilayer Actuator 

Direction of Top Displacement 

60 mm I          

14 mm 

•8mm—* 

Flextensional Beam T       f ICXICHSIUHHJ 

44 mm 
Steel Substrate 

Brass Metal Frame 

^ Direction of Side Displacement 

Fig. 1. Configuration of bonding-free flextensional piezoelectric actuator with rectangular shape. 

through. The total length of the actuator plus substrate 
is 0.2 mm longer than the inside wall distance of the 
metal frame, so the actuator can be loaded into the 
metal frame by deforming the frame and is fixed in 
position by the resulting prestress. The stretching 
function can be realized by arrangement of single-cell 
actuators in an array. The configuration view of such 
an array is shown in Fig. 2. The displacement and the 
generative force for single-cell actuator are measured 
by a Fontonic sensor MTI2000 (MTI Instrument) and 
a load cell ELF-TC (Entran, Inc.). The schematic view 
of experimental set-up for displacement and gen- 
erative-force measurement is shown in Fig. 3. Brass is 
used as the metal frame material. The amplification 
factor of the frame will be determined by the height h 
(Fig. 1) if the length of the actuator is fixed. The 
height is set as 3.6 mm for current metal frame. 
Therefore, the theoretical amplification factor should 
be 5 for each side. The rigidity and the capability to 
generate force for the frame are strongly dependent on 
the stiffness of the flextensional beam in the frame. 

Optical Fiber 

Fig.   2. Schematic   view   of  array   system   for   optical   fiber 
stretching. 

3.   Experimental Results and Discussions 

3.1.   Simple Metal Frame 

The metal frame with a flat-flextensional-beam with a 
thickness of 1 mm was first studied. The single cell 
actuator was characterized first under unloaded dc 
conditions. The side displacement of the metal frame 
and the axial displacement of the flextensional beam 
were measured at different driving voltage levels. The 
results are listed in Table 1, from which we can 
calculate the amplification factor of the metal frame. 
The displacement and the amplification factor listed in 
Table 1 are the sum for the two actuators and the two 
sides of the metal frame. There is a difference 
between the designed and measured amplification 
factor for this simple-metal-frame. The reason for this 
difference will be discussed later. 

The loaded capability of the single cell actuator is 
usually represented by the term blocking force. The 
blocking force is defined as the external force needed 
to completely restrain to zero displacement the 
actuator at some driving voltage. The blocking force 
of the actuator was derived in the following 
procedure. The load cell was mounted on a movable 
station, which provides the possibility to apply an 
external force to pull back the actuator in a direction 
opposite to the one driven by the applied electric field. 
Theoretically speaking, we could read the blocking 
force directly by pulling the actuator to its original 
position. This concept leads to the present approach to 
measure the blocking force. We can drive the actuator 
to  the  unloaded  displacement  state  at  some  set 
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Fig. 3. Experimental set-up for measurement of displacement and generative force. 

voltage, pull the actuator back to its original position. 
For every displaced position, the required pulling 
force is measured establishing the load line for the 
actuator. In order to avoid the nonlinear response and 
possible breakage of the actuator, the external pulling 
force is restricted to below 12 N. By curve fitting from 
linear line based on the measured points, as shown in 
Fig. 4. We can simply extrapolate the curve to the 
pulling force axis where the displacement is zero. The 
corresponding pulling force is also equivalent to the 
blocking force. The blocking force measured by this 
method for the single-cell actuator driven at 50 V 
voltage is 15.1 N. 

The experimental results show that the generative 
force from the simple metal frame can satisfy the 
requirement Unfortunately, the single cell actuator 
can not provide enough displacement for the optical 
fiber stretching. Thus, a four-cell array was fabricated 
in order to achieve the required displacement. The 
picture of the prototype device is shown in Fig. 5. A 
special designed energy recovery circuit for piezo- 
electric device was developed to operate it at very 
low-power consumption (2 W) [3]. It was shown that 
the design has excellent performance in stretching a 
erbium doped Bragg grating fiber and the detail will 
be discussed in a later paper. 

3.2.   Hinged Metal Frame 

From actual measurement, it was found tl 
amplification factor of simple-metal-frame is aj 
mately only half of the value designed (as s 
Table 1). The most probably reason is that the ] 
of the simple flat-flextensional-beam is no 
enough to transfer the displacement without bt 
That is the flextensional beam deforms before 
transfer the motion. A simple analysis sho' 
rigidity of the flextensional beam is proportiona 
thickness of the beam if the width of the beam i; 
However, it is required that the metal frame shoi 
be too rigidity to limit the flextensional function 
structure. Flexure hinges are usually used to 
the flextensional beam with a combination o 
stiffness and appropriate elastic compliance [4]. 
present study, the flat-flextensional-beam of s: 
metal-frame was modified to the hinged-metal-: 
For the hinged frame, the thickness of the fl 
sional beam was increased from 1mm to 3r 
order to increase the rigidity of the metal frame 
flexture hinges were introduced to each beam in 
to increase the flextensional function of the 
frame. The thinnest part of the hinge was 1 mn 
schematic diagram of hinged-metal-frame is she 

Table 1. The unloaded and dc properties of the simple-metal-frame 

Driving voltage (V)       Side displacement jrni       Top displacement fxm       Amplification factor       Unleaded actuator displacerr 

40 
50 

9.21 
11.56 

51.42 
64.19 

5.58 
5.61 

12 
15 



5 10 15 

Pulling force (N) 
20 

Fig. 4. Capability of displacement as a function of opposite 
pulling force. 

Fig. 6. The other dimensions are identical to the 
simple-metal-rrame. The same actuator was used to 
drive the hinged-metal-frame. Firstly, the unloaded 
and dc properties of hinged-metal-frame were 
characterized at different driving voltages. The results 
are listed in Table 2. 

As previously, the actuator was fixed inside the 
metal frame by a prestress from the metal frame. The 
side displacements of the Table 1 and 2 are actually 

Flexure Hinges 

Beam Thickness: 3mm 

/Thinnest Hinge Thickness: 1mm 

Fig, 6. Schematic diagram of hinged-metal-frame. 

the sum of the clamped displacement of the actuator. 
The clamped displacements are controlled by the 
rigidity of the metal frame. In the simple-metal-frame, 
the clamped displacement of the actuator is 76% of 
the unloaded condition. However, the clamped 
displacement of the hinged-metal-frame is only 30% 
of the unloaded condition. Therefore, there is a 
dramatically enhancement in the rigidity of the 
metal frame by increasing the thickness of the beam 
from 1 mm to 3 mm. 

The amplification factor of the hinged-metal- 
frame, however, reaches to 9.5, which is very close 
to the designed value. That means the rigidity of the 
structure is a critical point to acquire the designed 
amplification ability. However, the increasing of the 
rigidity of the metal frame will increase the clamping 

Fig. 5. Picture of the four-cell array prototype device. 
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Table 2. The unloaded and dc properties of the hinged-metal-frame  

'               ',       /in       Side displacement um       Top displacement /mi       Amplification factor       Unloaded actuator displacement /im 
Driving voltage I";        , _________  

40 
50 

3.58 
4.96 

34.18 
46.81 

9.55 
9.43 

12 
15 

effect on the actuator. In the current case, the final top 
displacement of the hinged-metal-frame is lower as 
compared to the simple-metal-frame driven at the 
same voltage. Therefore, the current hinged-metal- 
frame is just an example to demonstrate the effect of 
introducing the flexure hinges to the flextensional 
beam and is far from the idea design. For certain 
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displacement and ideal generative force combina- 
tions, there will be an optimum dimension of the 
hinged-metal-frame. Finite element analysis will be 
employed to generate accurate models of the hinged- 
metal-frame designs in the future work. 

The loaded properties as a function of driving 
voltage of both simple-metal-frame and hinged- 
metal-frame were measured, as shown in Fig. 7. The 
derived blocking forces as a function of driving 
voltages are shown in Fig. 8. The blocking forces 
show very good linear relationship with the driving 
voltage. 
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Abstract 

Photostrictive materials, exhibiting light induced strain, are of interest for future 
generation wireless remote control photo-actuators, micro-actuators, and micro-sensors 
applications. (Pb, La)(Zr, Ti) 03 (PLZT) ceramics doped with W03 exhibit large 
photostriction under uniform illumination of near-ultraviolet light. Using a bimorph 
configuration, a photo-driven relay and a micro walking device have been demonstrated. 
However, for the fabrication of these devices, materials exhibiting higher photovoltaic effect 
and higher response speed must be developed. The present paper reviews a new theoretical 
model for photovoltaic effect first, then enhanced performance photostrictive materials 
through sample surface characteristics, finally its potential future applications. © 2000 
Elsevier Science Ltd. All rights reserved. 

Keywords: Photovoltaic effect; Photostriction; Photostrictive actuators; Surface characteristics; PLZT 
ceramics 

1. Introduction 

The continuing thrust towards greater miniaturization and integration of 
microrobotics and microelectronics has resulted in significant work towards the 
development of ceramic actuators, utilizing their wavelength-dependent optical 
actuation mechanisms. In recent times, Photostrictive actuators — which directly 
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convert photonic energy to mechanical motion — have drawn significant attention 
for their potential usage in microactuation and microsensing applications. 

Photostrictive materials have the ability to convert light directly to physical 
motion. The mechanism of photostriction can be described as the superposition of 
the photovoltaic and converse piezoelectric effects. When noncentrosymmetric 
materials, such as ferroelectric single crystals or polarized ferroelectric ceramics, 
are uniformly illuminated, a high voltage, considerably exceeding the band gap 
energy, is generated. In certain ferroelectric materials this photovoltage is of the 
order of kV/cm (105 V/m). Along with this photovoltage, mechanical strain is also 
induced due to the converse piezoelectric effect. The fortuitous combination of 
these two effects makes these ferroelectrics suitable for wireless actuator 
applications, activated and driven by incident light. These optical actuators have 
received considerable attention for applications in areas" related to 
micromechanics, ultrahigh vacuum and space technologies. Optical actuators are 
also anticipated to be used as the driving component in optically controlled 
"electromagnetic-noise free" systems. The photostrictive effect has also recently 
been used in fabricating a photophonic device, where light was transformed 
directly into sound from the mechanical vibration induced by intermittent 
illumination. 

The photostrictive effect has been studied mainly in ferroelectric polycrystalline 
materials for potential commercial applications. Lanthanum-modified lead 
zirconate titanate (PLZT) ceramic is one of the most promising photostrictive 
materials due to its relatively high piezoelectric coefficient and ease of fabrication. 
However, previous studies have shown that for commercial applications, 
improvements in the photovoltaic efficiency and response speed of the PLZT 
ceramics are essential. The improvement in photostrictive properties require 
consideration of several parameters, such as: 

• material parameters (e.g. composition and stoichiometry, dopant type and 
concentration) 

• processing condition (e.g. processing route and parameters) and microstructure, 
and 

• sample   configuration   and   performance   testing   conditions   (e.g.   surface 
characteristics and illumination). 

The photostrictive response of a material can be considerably increased and 
controlled by understanding the influence of these parameters and by optimizing 
these parameters. This paper reviews a new model to explain the photovoltaic 
effect first, then the fundamentals of photostrictive effect in PLZT ceramics, and 
finally describes some of the potential applications. The influence of sample 
geometry has also been illustrated. 

2. Photostrictive effect 

Photostriction is a phenomenon in which strain is induced in the sample by 
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incident light. In principle, this effect arises from a superposition of the 
photovoltaic effect, i.e. the generation of large voltage from the irradiation of 
light, and the converse-piezoelectric effect, i.e. expansion or contraction under the 
voltage applied [1]. It must be noted that the photostrictive effect is different from 
thermal dilatation and pyroelectricity, where strain is produced due to the 
temperature rise from the light illumination. 

The photostrictive phenomenon has been observed in certain ferroelectric 
materials. The figure of merit of photostriction is generally expressed as the 
product of photovoltage, Eph, and the piezoelectric constant, d33. Therefore, for 
application purposes, enhancement and/or optimization of photostrictive 
properties requires consideration of both terms in the figure of merit. Recently, 
PLZT ceramics have gained considerable attention due to their excellent 
photostrictive properties, high c?33 and ease of fabrication. 

2.1. Mechanism of photovoltaic effect 

When a noncentrosymmetric ferroelectric material is illuminated with uniform 
light having a wavelength corresponding to the absorption edge of the material, a 
steady photovoltage/photocurrent is generated [2]. In some materials, the 
photovoltage generated is greater than the band-gap energy, and can be of the 
order of several kV/cm. This phenomenon, referred to as the anomalous 
photovoltaic effect (APV), is different from the corresponding phenomenon in the 
p-n junction of semiconductors (e.g. solar battery) [3,4]. The APV effect is 
observed only in the direction of the spontaneous polarization (Ps) in the 
ferroelectric material. The generated photovoltage is proportional to the sample 
length along the Ps direction. The APV effect has been observed to disappear in 
the paraelectric phases. 

The origin of the photovoltaic effect is not yet clear, even though several models 
have been proposed on the mechanism of photovoltaic effect. The key issue in 
understanding the APV mechanism is the importance of both impurity doping as 
well as crystal asymmetry. Fig.  1 illustrates one of the proposed models, the 

Conduction band 

Eg = 3.3 ev 
light illumination 
380 nm 

Valence band 

Fig. 1. Energy band gap model of excited transition from impurity level in PLZT [5]. 
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electron energy band model proposed for PLZT ceramics by one of the authors 
[5], The energy band is basically generated by the hybridized orbit of p-orbital of 
oxygen and d-orbit of Ti/Zr. The donor impurity levels induced in accordance 
with La doping (or other dopants) are present slightly above the valence band. 
The transition from these levels with an asymmetric potential due to the 
crystallographic anisotropy may provide the "preferred" momentum to the 
electron. Electromotive force is generated when electrons excited by light move in 
a certain direction of the ferroelectric crystal, which may arise along the 
spontaneous polarization direction. The asymmetric crystal exhibiting a 
photovoltaic response is also piezoelectric in principle, and therefore, a 
photostriction effect is expected as a coupling of the bulk photovoltaic voltage 
with the piezoelectric constant. 

Recently the mechanism of APV has also been proposed based on the voltage 
source model. The possibility of generating an effective dc field has been explained 
on the basis of nonlinear properties of a ferroelectric material having noncentric 
symmetry [6]. The details of the model are explained in the following section. 

2.1.1. Voltage source model 
The photovoltaic properties are attributed to the photocarriers and internal 

electric fields generated by short-wavelength illumination. The optical nonlinearity 
of the second order has been proposed as the origin of photo-induced dc field 
generation. The expression for the polarization of dielectrics, considering the non- 
linear effect up to the second order is given by [7]: 

P = £oa1£
,op+Z2^op) (1) 

where s0 is the permittivity of vacuum, x\ is the linear susceptibility, xi is the 
nonlinear susceptibility of the second order, and Eop is the electric field at an 
optical frequency. 

In ferroelectric ceramics, nonlinearity is expected to appear due to the poling. 
To the first approximation, the susceptibilities (xi) and (&>) can be assumed to be 
constant. The illuminating light — being an electromagnetic wave — will provide 
an electric field for charges in dielectrics. When an alternating electric field with 
amplitude Eop, and optical frequency wop, is applied to a dielectric material 
having a nonlinear response, the polarization as a function of time, t, can be 
written as 

P = E0{xiEop cos(coopt) + x2E
2

op cosVopOl (2) 

In a linear material, %2 will be zero and the induced polarization will be 
proportional to the applied electric field at any moment. As a result, in the linear 
material, the polarization oscillates at an optical frequency of coop. However, in a 
nonlinear material, an asymmetric polarization wave is produced due to the 
nonlinear dielectric response which suggests that the induced polarization contains 
the higher order components as well as the fundamental wave. The Fourier 
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analysis of the second harmonic wave shows that it contains the second harmonic 
component and also has a nonzero average. This average term of the induced 
polarization can result in a dc electric field for carriers. 

In dielectrics, the value of the local electric field is different from the value of 
the macroscopic electric field. An additional field due to the polarization charges 
appears in polarized dielectrics. For simplicity, the local field in dielectrics has 
been approximated using the Lorentz relation for a ferroelectric material as [8]: 

-Elocal = E + — (3) 
3e0 

where E is the macroscopic electric field and y is the Lorentz factor. 
When an alternating electric field at an optical frequency is applied, the local 

field in a dielectric material having second-order nonlinearity can be given as: 

£local .= Eop   COs(<Dop0+|{Xl£op   COS(<Uop0 + l2E
2

Qp   COS \(Oopt)} (4) 

The average of the local electric field £iocai in Eq. (4) will be: 

Eioc^ =-yx2E
2

op (5) 

It must be noted that Eq. (5) has been derived for nonlinear dielectrics under a 
coherent propagation of the light wave at a single frequency. However, the 
condition of coherent illumination may not be satisfied in the experimental 
conditions described in this work, where a mercury lamp is used as a light source. 
The nonlinear effect will be affected by to the degree of coherence. Therefore, 
considering the depression of nonlinear effect due to the incoherence, the 
expression for the effective dc field induced by incoherent light source may be 
modified as: 

E^ = cxyXl{Elvf (6) 

where c\ is a constant and ß is a parameter expressing the depression effect. 
Replacing the variable E2

ov with the intensity (7op) [7], the following expression 
for the average induced (dc) field due to the incoherent light can be obtained: 

£dc = -Elocal = C2yZ2(
/op)/? ' « (7) 

where c2 is a constant and Edc is the effective dc field for photoinduced carriers. 
Note that the induced field, Edc, is proportional to the nonlinear susceptibility as 
well as the Lorentz factor, y. 

The concentration of carriers excited by optical irradiation is governed by the 
following rate equation, 

dnc 2    nc fo\ 
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where nc is the carrier density, g is the generation rate of the carrier, R is the 
recombination rate of the carrier, and TC is the intrinsic lifetime of the carrier. 
When the excitation is adequately strong, the recombination process dominates, 
and the carrier density becomes: 

The generation rate (g) being proportional to the light intensity (7op), the carrier 
density can be written as: 

(10) 

where  c3   is  a  constant.   Introducing  the  carrier  mobility   (ß),   the  electric 
conductivity due to the photoinduced carriers will then become [2] 

0-op = qncfi (U) 

where, q is the charge of the photocarrier. Combining Eqs.  10 and 11, the 
photoconductivity can be obtained as a function of light intensity, 

/•«op 
0"op = C3t7/iy— (12) 

The   photocurrent   will   be   the   product   of  the   photoconductivity   and   the 
photoinduced dc field: 

«Jph = 0"op£dc (13) 

Substituting Eqs. (7) and (12) into (13), the expression for the photocurrent can 
finally be obtained: 

r- 1 

Jph = C4qwx2}]-gilop) +2 (14) 

where,   c4  is  a  constant.   Eqs.   (12)  and  (14)  provide  a  correlation  for  the 
photovoltaic response of ferroelectrics on the basis of optical nonlinearity. 

2.1.2. Model validation and analysis 
The predictions for the proposed model were validated against experimental 

measurements of photoconductivity and photocurrent. PLZT (3/52/48) ceramics 
samples were cut into the standard sizes of 5 x 5 mm2 and polished to 1 mm 
thickness. The samples were poled along the length (5 mm) under a field of 2 kV/ 
mm at 120°C for 10 min. The present model was validated by comparing the 
experimental results with the prediction based on Eq. (12) for photoconductivity 
and Eq. (14) for photocurrent. 
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Fig. 2 shows the plot of photoconductivity (crop) as a function of light intensity 
(70p). The exponent relating the photoconductivity and the light intensity was 
calculated to be 0.54. This is in good agreement with the value of 0.5 derived for 
the recombination process of the carriers, Eq. (12). 

Fig. 3 shows the experimental results of short-circuit photocurrent (7ph) as a 
function of light intensity. The parameter ß based on Eq. (14) was calculated to 
be 0.46. The value of parameter ß is expected to lie between 0 and 1. The 
depression in ß value can be attributed to the incoherent illumination of the 
mercury lamp. 

Fig. 4 shows the experimental results of the open-circuit photovoltage (Eph) as a 
function of light intensity. The photovoltage was found to be proportional to the 
square root of the light intensity. 

The experimental data was further analyzed to investigate the effects of 
incoherent illumination. Since a partial coherence of illuminating light can be 
achieved in a very small area, an increase in ß value is expected in thinner 
photovoltaic samples. In order to reconfirm this effect, the photocurrent was 
measured as a function of light intensity (Fig. 5) in a very thin (140 um) PLZT 
sample. The parameter ß based on Eq. (14) was recalculated and was found to be 
0.80, which is higher than the ß value of 0.46 in the thicker sample (1 mm 
thickness). These results suggest that the parameter ß increases with a decrease in 
the thickness of the photovoltaic sample, due to a higher coherency of 
illumination in the thinner samples. This suggests that an enhancement in the 
photovoltaic properties may be achieved in a very thin sample or by using 
coherent illumination. 
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Fig. 2. Dependence of photoconductivity on illumination intensity in PLZT (3/52/48) ceramics. The 
exponent of the curve was found to be 0.54 which is close to the model. 
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Fig. 3. Dependence of photocurrent on illumination intensity for l mm thick sample of PLZT (3/52/48) 
ceramics. The parameter ß was estimated to be 0.46. 

2.2. Experimental setup for photovoltaic and photostrictive measurements 

Fig. 6 shows the experimental setup. Photovoltaic measurements were done 
using a high-input-impedance electrometer (Keithley 617), while the photostriction 
was measured by a displacement sensor (LVDT, Millitron model  1301). The 
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Fig. 4. Dependence of photovoltage on illumination intensity in PLZT (3/52/48) ceramics. Photovoltage 
was found to be proportional to the square root of the light intensity. 



P. Poosanaas et al. / Mechatronics 10 (2000) 467-487 475 

E 

c 

1    r 

C 

£ 
g     0.1 
o 
o 
JZ 
Q. 

0.01 

I       I     I   I I I 111 I       l     I    l   I ui I 

• : Experimental data 

—-.Fitted by Jph = 0.016 (lop) 1.3 

■    '   
10 100 

Light intensity (mW/cm ) 

Fig.  5.  Dependence of photocurrent in thin sample (140 /an) of PLZT (3/52/48) ceramics on 
illumination intensity. The parameter ß was estimated to be 0.80 by the curve fitting. 
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Fig. 6. Experimental set up for photovoltaic and photostrictive measurements. 
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photovoltage and photocurrent were determined from the current-voltage relation 
by applying voltage between -100 and +100 V, while illuminating the samples as 
described in the following. The photovoltage was determined in an open circuit 
state from the intercept of the horizontal applied voltage axis, while the 
photocurrent was obtained for the short circuit state from the intercept of the 
vertical current axis. 

A short arc mercury lamp (Ushio Electric USH-500D) was used as a light 
source. The original lamp radiation was passed through an Infrared (IR) blocking 
filter and Ultraviolet (UV) bandpass filter to obtain a monochromatic beam with 
a maximum strength around 366 nm wavelength. Light with this wavelength has 
been reported to yield the maximum photovoltaic properties in the PLZT samples 
[9,10]. 

3. Sample geometry dependence 

Since the photostrictive effect is excited by the absorption of illumination in the 
surface layer of ceramics, it is apparent that the surface geometry of the 
photostrictive material will have a strong bearing on the generation of 
photocurrent and photovoltage. These surface characteristics are further 
reinforced by the absorption occurring at the surface layer of the piezoelectric 
material facing the illumination. Using a sample thickness closer to the 
penetration depth will ensure that the entire film will be active and efficiently 
utilized. Therefore, investigation of photovoltaic response as a function of sample 
thickness is desired in determining the optimal thickness range with maximum 
photovoltaic effect. In addition, studying the effect of surface roughness on the 
photovoltaic effect will provide an insight on the absorption dependence of 
photostriction. 

3.1. Thickness dependence 

In order to determine the optimum sample thickness, dependence of 
photovoltaic effect on sample thickness of PLZT (3/52/48) ceramics doped with 
0.5 at.% W03 was examined. Photovoltaic response was found to increase with a 
decrease in sample thickness in PLZT ceramics. A model has been proposed to 
explain and quantify the observed influence of sample thickness on photovoltaic 
response [11] as shown in Fig. 7, where the absorption coefficient is. assumed to be 
independent of light intensity and the photocurrent density is taken to be 
proportional to light intensity. The sample is assumed to comprise of thin slices 
along the thickness direction of the sample. A circuit diagram representing these 
layers is also shown in Fig. 7. 

Fig. 8 shows the plot between the normalized photocurrent (/m) and sample 
thickness calculated for the external resistance (i?m = 200 TQ). The computed 
results shows good agreement with the experimental data. With increase in sample 
thickness, /m increases, reaches a maxima, and subsequently decreases with the 
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sample thickness. The decrease in im can mainly be attributed to the dark 
conductivity (<rd). The optimum thickness (for the present set of samples) which 
yields maximum photocurrent is found at 33 urn. The extremely low value of 
optimum thickness implies that the lower sample thickness will be expected to give 
better photovoltaic response. 

3.2. Surface roughness dependence 

The effect of surface roughness on photovoltaic and photostrictive properties 
was examined in the PLZT ceramics, the sample as used in Section 3.1, with 
different surface roughness obtained by polishing to different surface finishes. The 
surface roughness was measured by a profilometer (Tencor, Alpha-Step 200) and 
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Fig. 7. Schematic of the model to compute the dependence of photocurrent on sample thickness. The 
sample has been modeled as thin slices along the thickness direction and the corresponding circuit 
diagrams are also shown. 
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the average surface roughness was determined using the graphical center line 
method. 

The variation of photovoltaic (photovoltage and photocurrent) and 
photostrictive properties with surface roughness are plotted in Fig. 9 (a)-(c). The 
photovoltaic and photostrictive responses increase exponentially with decreasing 
surface roughness. This is due to the fact that, with increase in surface roughness 
the penetration depth of the illumination decreases, while contributions from 
multiple reflections increase. 

A model has been proposed to explain and quantify the influence of surface 
roughness. The effect of multirefiection has not been considered in the following 
formulation. Two different shapes, a sine profile and a "V" profile roughness 
(Fig. 10 (a)), were assumed for simplicity. In both these shapes, the amplitude was 
taken as a center line roughness (r) and the wavelength as (g). The detail will be 
make only for a "V" profile. 

The corresponding equations for the unit cell of the "V" profile rough surface 
(Fig. 10 (b) and (c)) are: 

y = r(— + 1)    where -f<x<^-, 
\g       / 4 4 (15) 
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Fig. 8. Comparison of measured and computed normalized photocurrent in 0.5 at.% W03 doped 
PLZT (3/52/48) ceramics. The optimum thickness was found at 33 um. 
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tan 6,■. — — = — 
dx     g (16) 

where 0,- is an angle with the vertical incident beam. By means of SnelFs law [7], 

«/ sin Ö,- = n, sin 6, _ (17) 

where 9, is the transmitted angle, «,• and n, are the refractive indexes of air and 

(a) Rough Sample (V-shaped) 

-g/4 0 +g/4 

(b) Unit cell of the. rough surface 

Incident beam at X 

Rough Surface 

Plane Normal at X 

ransmitted beam at X 

(c) Trajectory of light beam in the rough surface 

Fig. 10. Schematic diagram of the V-shaped model (a) rough sample, (b) unit cell of the rough sample, 
and (c) trajectory of the light beam in the rough surface. 
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PLZT sample respectively, the transmittance (T) is given by: 

7 = 
/, cos 8, 
Ij cos 6j 

n, cos 61 

Hj cos  6j 
(18) 

The transmitted light intensity (/,) will then be: 

/, = ifT = I.riit2 (19) 

This intensity will further decrease due to absorption. If the sample thickness is 
greater than the penetration depth (1/a), the average intensity (/0) reaching the 
sample below the rough surface will be: 

'0 = ß\x^  - f jj/,(x) exp(-az) dz Ax (20) 

where, z is the sample thickness. 
This average intensity (I0) can be substituted in the sample thickness model 

which has been reported earlier [11] to examine the influence of surface roughness 
on photocurrent. The normalized photocurrent (/m) computed using above 
formula, is plotted in Fig. 11 as a function of surface roughness for the two 
chosen surface profiles. The experimental results are also plotted. A wavelength of 
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Fig. 11. Comparison of the normalized computed photocurrent in 0.5 at.% W03 doped PLZT (3/52/ 
48) ceramics obtained from the two profiles with the experimental results. 
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roughness at 1 urn gave the best fit of the experimental results which is close to 
the size of the grain size of the sample. 

4. Potential applications based on photovoltaic and photostrictive effects 

The direct conversion of photonic to mechanical motion by the photostrictive 
effect can lead to two broad classes of applications — microactuation and 
microsensing. Potential applications for microactuation include [12]: 

• an alternative mechanism for converting solar energy directly into mechanical 
motion for planetary exploration 

• direct corrective control in adaptive optics/interferometer 
• optical micropositioning 
• solar tracking actuator/shutter for self alignment of the spacecraft to the sun 

for optimal power generation using solar sails 
• optically controlled valves for space applications 
• optically controlled microrobots 
• photophones. 

The potential microsensing applications include: 

• a variety of tunable sensors for incident radiation (UV, visible etc.) based on 
the deflection as a function of incident radiation intensity 

• indirect microsensors based on the photodeflection when the device is loaded 
with condensing moisture (microhygrometer) or incident interstellar dust 
(microbalance). 

We have successfully demonstrated the application of photoactuation in PLZT 
ceramic wafers as a photo-driven relay [9] and a photo-driven micro walking 
machine [13]. These devices are designed to use incident light and have no lead 
wires or electric circuits. 

Fig. 12 illustrates a photodriven relay device using a PLZT bimorph as the 
driver which consists of two ceramic plates bonded together with their 
polarization directions opposing each other. A dummy PLZT plate was positioned 
adjacent to the bimorph to cancel the photovoltage generated in the bimorph. 
Utilizing the dual beam method, switching was controlled by alternately 
irradiating the bimorph and the dummy, which can avoid the time delay due to 
low dark conductivity. The amount of displacement observed at a tip of the 
bimorph was about 150 urn with the delay time of 1-2 s [9]. 

Fig. 13 shows a micro-walking machine using photostrictive bimorphs with two 
ceramic legs fixed on a plastic board. The structure is simple, having only two 
ceramic legs (5 x 20 x 0.35 mm). When the two legs were irradiated alternately, 
the device moved like an inchworm at a speed of several tens of microns per min 
[13]. The photostrictive bimorph as a whole was caused to bend by ±150 um as if 
it  averted  the  radiation  of light.   The  walking  speed  can  be  increased  to 
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Fig. 12. A photo-driven relay using PLZT bimorph as the driver [9]. 

21mm 

Proceeding direction 

Holder (acryl) 
Bimorph 

FACE:A1 

-W 

Null (cover glass) 

Fig. 13. A micro-walking machine using PLZT bimorph [13]. 
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approximately 1 mm/min by providing some contrivances such as the use of a 
foothold having microgroves fitted to the steps of the legs. 

Photomechanical resonance in a PLZT bimorph has been successfully 
demonstrated using chopped UV irradiation having neither electrical lead wire or 
circuits. A thin cover glass was attached on the photostrictive bimorph structure 
to decrease the resonance frequency so as to easily observe the photo-induced 
resonance. The dual beam method was used to irradiate the two sides of the 
bimorph alternately, intermittently with a 180° phase difference. The mechanical 
resonance was determined by changing the chopper frequency. The resonance 
frequency was about 75 Hz, which is smaller than the audible frequency range [4]. 
However the achievement of photo-induced mechanical resonance in the audible 
frequency range suggests the possibility of photostrictive PLZT bimorph-type 
devices as photoacoustic components for the next communication age. 

Recently, a new application of highly efficient, photostrictive PLZT films on 
flexible substrates has been conceived for usage in the new class of small vehicles 
for future space missions [14]. 

In addition some promising devices, which can be fabricated based on tailoring 
photostrictive films on the flexible substrate in a unimorph structure, are the 
micro walking device and the light chasing device. 

The micro walking device can be designed into arch-shaped photoactuating 
composite films (Fig. 14 (a)) with a triangular top (Fig. 14 (b)). Photoactuating 
films may be fabricated from PLZT solutions and coated on one side of a suitable 
flexible substrate which will then be designed to have a curvature of 1 cm-1. A 
slight difference in length between the right and left legs could be designed in 
order to provide a slight difference between their resonance frequencies. This 

• would facilitate in controlling this device in both clockwise and counterclockwise 
rotations. A light chopper operating at a frequency close to resonance could be 
used to illuminate the device, in order to maximize the vibration of the bimorph 
which will then provide the capability to turn by applying different resonance 
frequencies of two legs. 

In order to maximize the photostrictive properties of the sample, the sample 
geometry could be determined from the proposed model in Section 3.1. After 
coating a suitable UV transparent electrode, the film could then be poled along 
the thickness. Under uniform illumination on the upper side of the device, the 
PLZT film on that side would contract. Since the PLZT film is bonded onto the 
substrate, the whole device would then decrease the curvature and move. 

A 'sunflower' device for chasing the light source may be designed using 
photoactuating film composites. By tailoring the absorption edge of PLZT 
ceramics through impurity doping, the device can be utilized for tracking solar 
radiation. Fig. 15 shows the principle of this 'light source chasing' device. Two 
unimorphs are attached to both sides of a solar panel (Fig. 15 (a)). When the light 
source positioned equidistantly between the two unimorphs, there is no difference 
in the strain due to photostrictive effect which results in the stable state of the 
solar panel (gray line in Fig. 15 (b)). When the light source moves to the right- 
hand side, for example, the intensity on the B side will be stronger than on the A 



P. Poosanaas et al. / Mechatronics 10 (2000) 467-487 485 

1. Initial Stage Polarization 

-  direction _ 

Nail 

2. Illumination on 

Illumination 

Transparent 
electrode 

Moving direction 

3. Illumination off Polarization 
direction Transparent 

electrode 

< Nail 

(b) 

Fig.  14. (a) The schematic diagram of arch-shaped type photoactuating film composites (b) the 
triangular top shape photoactuating film composites. 
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Fig. 15. (a) The light source chasing device based on photoactuating film composites (b) schematic 
diagram of the movements of device towards the light source. 

side. The photoactuating film on the B side would deflect more than the A side 
which, leads to the panel canting and moving to track the light source. 

5. Summary 

Photostrictive actuators are driven only by the irradiation of light without 
requiring the electrical lead wire connection. Therefore, they can be employed in 
ultra high vacuum or outer space. The direct conversion of photonic to 
mechanical motion by photostrictive effect can lead to two broad classes of 
applications, microactuator and microsensing which will open new vistas in the 
actuator technology. It is evident that the photovoltaic and photostrictive effects 
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are strongly dependent on the surface characteristics of the sample. The surface 
characteristics are, therefore, of extreme importance during the fabrication of high 
efficiency photostrictive device. It is expected that the sample thickness and 
roughness which will be crucial in designing thick film bimorphs for enhancements 
in the efficiency of a micromechanical device. We introduced two new devices, a 
microwalking and a light chasing device in this article. 
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Photostrictive materials, exhibiting light-induced strains, are of interest for 
future generation wireless remote control photo-actuators, micro-actuators, 
and micro-sensors applications. (Pb, La)(Zr, Ti) 03 (PLZT) ceramics doped 
with W03 exhibit large photostriction under uniform illumination of near- 
ultraviolet light. Using a bimorph configuration, a photo-driven relay and a 
micro walking device have been demonstrated. However, for the fabrication 
of these devices, higher response speed must be achieved. The present paper 
reviews a new theoretical model for photovoltaic effect first, then enhanced 
performance through sample thickness and surface characteristics, finally its 
potential future applications. 

Keywords: Photovoltaic effect, Photostriction, Actuator, Surface 
characteristics, PLZT ceramics 

1. INTRODUCTION 
The continuing thrust towards greater rniniaturization and 

integration of microrobotics and microelectronics has resulted in 
significant work towards development of ceramic actuators, utilizing 
their wavelength-dependent optical actuation mechanisms. In the 
recent days, photostrictive actuators - which directly converts the 
photonic energy to mechanical motion - have drawn significant 
attention for their potential usage in microactuation and microsensing 
applications. Optical actuators are also anticipated to be used as the 
driving component in optically controlled "electromagnetic-noise free" 
systems. The photostrictive effect has also recently been used in 
fabricating a photophonic device, where light was transformed directly 



into sound from the mechanical vibration induced by intermittent 
illumination. 

The photostrictive effect has been studied mainly in ferroelectric 
polycrystalline materials for potential commercial applications. 
Lanthanum-modified lead zirconate titanate (PLZT) ceramic is one of 
the most promising photostrictive materials due to its relatively high 
piezoelectric coefficient and ease of fabrication. However, previous 
studies have shown that for commercial applications, improvements in 
photovoltaic efficiency and response speed of the PLZT ceramics are 
essential. The improvement in photostrictive properties require 
consideration of several parameters, such as material parameters, 
processing condition and microstructure, and sample configuration and 
performance testing conditions. 

This paper reviews a new model for explaining the photovoltaic 
effect first, then the influence of sample geometry, and finally describes 
some of the potential applications. 

2. PHOTOSTRICTIVE EFFECT 
In principle, photostrictive effect arises from a superposition of 

the photovoltaic effect, i.e. generation of large voltage from the 
irradiation of light, and the converse-piezoelectric effect, i.e. expansion 
or contraction under the voltage applied [1], 

The photostrictive phenomenon has been observed in certain 
ferroelectric materials. The figure of merit of photostriction is generally 
expressed as the product of photovoltage, E,*, and the piezoelectric 
constant, d33. Therefore, for application purposes, enhancement and/or 
optimization of photostrictive properties requires consideration of both 
the terms in the figure of merit. Recently, PLZT ceramics have gained 
considerable attention due to their excellent photovoltaic properties, 
high d33 and ease of fabrication. 

When a non-centrosymmetric ferroelectric material is 
illuminated with uniform light having a wavelength corresponding to 
the absorption edge of the material, a steady photovoltage/ 
photocurrent is generated [2]. In some materials, the photovoltage 
generated is greater than the band-gap energy, and can be of the order 
of several kV/cm. This phenomenon, referred to as the anomalous 
photovoltaic effect (APV), is different from the corresponding 
phenomenon in the p-n junction of semiconductors (e.g. solar battery) 
[3, 4]. The APV effect is observed only in the direction of the 
spontaneous polarization  (Ps)  in the ferroelectric material.     The 



generated photovoltage is proportional to the sample length along the 
Ps direction. 

The origin of photovoltaic effect is not yet clear, even though 
several models have been proposed on the mechanism of photovoltaic 
effect. The key issues in understanding the APV mechanism are both, 
impurity doping and crystal asymmetry. We proposed previously one 
of the current source models, based on the electron energy band model 
for PLZT ceramics [5]. The donor impurity levels induced in 
accordance with La doping are present slightly above the valence band. 
The transition from these levels with an asymmetric potential due to the 
crystallographic anisotropy may provide the ipreferredi momentum to 
the electron. The asymmetric crystal exhibiting a photovoltaic response 
is also piezoelectric in principle, and therefore, a photostriction effect is 
expected as a coupling of the bulk photovoltaic voltage with the 
piezoelectric constant. 

Recently another model of APV has also been proposed based 
on the voltage source mechanism [6], which will be described below. 

2.1      Voltage Source Model 
The photovoltaic properties are attributed to the photocarriers 

and internal electric fields generated by near-UV illumination. The 
optical nonlinearity of the second order, which is popularly introduced 
in ferroelectrics, has been proposed as the origin of photo-induced dc 
field generation [6]. The expression for the polarization of dielectrics, 
considering the non-linear effect up to the second order is given by [7]: 

where s«, is the permittivity of vacuum, Xi is the linear susceptibility, X2 
is the nonlinear susceptibility of the second order, and E^, is the electric 
field at an optical frequency (THz). 

In dielectrics, the value of the local electric field is different 
from the value of the external electric field. For simplicity, the local 
field in dielectrics has been approximated using the Lorentz relation for 
a ferroelectric material as [8]: 

rP (2) 
^'=E+17r 

where E is the external electric field and y is the Lorentz factor. 
When an alternating electric field at an optical frequency is 

applied (i.e., light illumination), the average of the local electric field 
Eiocai is not zero, but can be calculated as: 



It must be noted that Eq. (3) has been derived for a coherent 
propagation of the light wave at a single frequency. However, the 
condition of coherent illumination may not be satisfied in our 
experimental conditions, where a mercury lamp is used as a light 
source. The nonlinear effect will be affected by the degree of 
coherence. Therefore, considering the depression of nonlinear effect 
due to the incoherency, the expression for the effective dc field induced 
by incoherent light source may be modified as: 

^7' = cxYX2iE\t)
ß (4) 

where Ci is a constant and ß is a parameter expressing the depression 
effect. The value of parameter ß is expected to lie between 0 and 1. 
Replacing the variable E2^ with the intensity (Top) [7], the following 
expression for the average induced (dc) field due to the incoherent light 
can be obtained: 

Edc = ~Eh^i = ctfXiVopf (5) 
where C2 is a constant and Edc is the effective dc field for photoinduced 
carriers. Note that the induced field, Ede, is proportional to the 
nonlinear susceptibility as well as the Lorentz factor, y. 

The photoconductivity can be obtained as a function of light 
intensity, lop, 

°oP=c3q»£f (6) 
where q is the charge of the photocarrier, u, the carrier mobility, R, the 
recombination rate of the carrier, and c3 is a constant. Since the photo- 
current is provided by the product of the photoconductivity and the 
photoinduced dc field (j h = <TQ Edc\ we finally obtain 

+1 (7) Jph  = "49MrX2^jj(I0p)     2 

where, c4 is another constant. The Eqs. (6) and (7) provide a 
correlation for the photovoltaic response of ferroelectrics on the basis 
of optical nonlinearity. 

2.2      Model Validation and Analysis 
The predictions for the proposed model were validated against 

experimental measurements of photoconductivity and photocurrent. 
PLZT (3/52/48) ceramics samples were cut into the standard 

sizes of 5x5 mm2 and polished to 1 mm thickness.  The samples were 



poled along the length (5 mm) under a field of 2 kV/mm at 120 °C for 
10 min. A short arc mercury lamp (Ushio Electric USH-500D) was 
used as a light source. The original lamp radiation was passed through 
an Infrared (IR) blocking filter and Ultraviolet (UV) bandpass filter to 
obtain a monochromatic beam with a maximum strength around 366 
nm wavelength [9,10]. Photovoltaic measurements were done using a 
high-input-impedance electrometer (Keithley 617). 
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Fig. 1. Dependence of photoconductivity (a), photovoltage (b), and 
photocurrent (c) on illumination intensity in a PLZT 3/52/48 sample with 1 
mm in thickness; (d) 1he result for a sample with 140 urn in thickness. 

Figure 1(a) shows the plot of photoconductivity (Oop) as a 
function of light intensity (lop). The exponent relating the photo- 
conductivity and the light intensity was calculated to be 0.54. This is in 
good agreement with the value of 0.5 derived for the recombination 
process of the carriers [Eq. (6)]. Figure 1(b) shows the experimental 
results of the open-circuit photovoltage (Eph) as a function of tight 
intensity. The photovoltage was found to be proportional to the square 
root of the tight intensity, leading to ß = 0.5 [Eq. (5)]. Figure 1(c) 
shows the experimental results of short-circuit photocurrent (JPh) as a 
function of tight intensity.   The parameter ß based on Eq. (7) was 



calculated to be 0.46, which is very close to the above ß value. The 
depression in ß value can be attributed to the incoherent illumination of 
the mercury lamp. 

The experimental data was further analyzed to investigate the 
effects of incoherent illumination. Since a partial coherence of 
illuminating light can be achieved in a very small area, an increase in ß 
value is expected in thinner photovoltaic samples. In order to 
reconfirm this effect, the photocurrent was measured as a function of 
light intensity in a very thin (140 um) PLZT sample [Fig. 1(d)]. The 
parameter ß based on Eq. (7) was recalculated and was found to be 
0.80, which is higher than ß value of 0.46 in the thicker sample (1 mm 
thickness). These results suggest that the parameter ß increases with a 
decrease in the thickness of photovoltaic sample, due to higher 
coherency of illumination in thinner samples. This suggests that an 
enhancement in the photovoltaic properties may be achieved in a very 
thin sample or by using coherent illumination. 

3. SURFACE GEOMETRY DEPENDENCE 
Since the photostrictive effect is excited by the absorption of 

illumination in the surface layer of ceramics, it is apparent that the 
surface geometry of the photostrictive material will have a strong 
bearing on the generation of photocurrent and photovoltage. Using a 
sample thickness closer to the penetration depth will ensure that the 
entire film will be active and efficiently utilized. Therefore, 
investigation of photovoltaic response as a function of sample thickness 
is desired in determining the optimal thickness range with maximum 
photovoltaic effect. In addition, studying the effect of surface 
roughness will provide an insight on the absorption dependence of 
photostriction. 

3.1      Thickness Dependence 
In order to determine the optimum sample thickness, 

dependence of photovoltaic effect on sample thickness of PLZT 
(3/52/48) ceramics doped with 0.5 at.% WO3 was examined. 
Photovoltaic response was found to increase with a decrease in sample 
thickness in PLZT ceramics (see Fig. 2). 

A model has been proposed to explain and quantify the 
observed influence of sample thickness on photovoltaic response [11], 
where the absorption coefficient is assumed to be independent of light 
intensity and the photocurrent density is taken to be proportional to 



light intensity. The sample is assumed to comprise of thin slices along 
the thickness direction of the sample. 

Figure 2 shows the plot between the normalized photocurrent 
(v) and sample thickness calculated for the external resistance (R«, = 
200 TQ). The computed results shows good agreement with the 
experimental data. With increasing in sample thickness, im increases, 
reaches a maxima, and subsequently it decreases with the sample 
thickness. The decrease in im can mainly be attributed to the dark 
conductivity (oa). The optimum thickness (for the present set of 
samples) which yields maximum photocurrent is found at 33 urn, which 
is close to the light (366 nm) penetration depth of the PLZT. The 
relatively low value of optimum thickness implies that the lower sample 
thickness will be expected to give better photovoltaic response. 
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Fig. 2   Sample thickness dependence of the photo-induced current in PLZT 
3/52/48 with 0.5 at% of W03. 

3.2      Surface Roughness Dependence 
The effect of surface roughness on photovoltaic and 

photostrictive properties was examined in the PLZT sample as used in 
section 3.1, with different surface roughness obtained by polishing to 
different surface finishes. The surface roughness was measured by a 
profilometer (Tencor, Alpha-Step 200) and the average surface 
roughness was determined using the graphical center line method. 

The variation of photovoltaic current with surface roughness is 
plotted in Fig. 3. The photocurrent increases exponentially with 
decreasing surface roughness. This is due to the fact that with an 
increase in surface roughness, the penetration depth of the illumination 
decreases, while contributions from multiple reflections increase. 



A model based on the effect of multireflection has not been 
proposed for two different shapes, a sine profile and a V profile 
roughness. In both these shapes, half of the up-down amplitude was 
taken as a roughness (r) and the cyclic distance period as a roughness 
pitch (g). The normalized photo-currents (im) computed for the above 
two surface profiles are plotted also in Fig. 3 as a function of surface 
roughness. A distance pitch (wavelength) of roughness at 1 um gave 
the best fit of the experimental results, which is close to the size of the 
grain of this PLZT sample. 
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Fig. 3 Variation of photocurrent with surface roughness in the 0.5 at% W03 
doped PLZT. Comparison with the normalized computed photo-current for 
the two surface profiles is also made. 

4. POTENTIAL APPLICATIONS 
We have previously demonstrated the application of 

photoactuation in PLZT ceramic wafers as photo-driven relay [9] and 
photo-driven micro walking machine [12]. These devices are designed 
to use incident light and have neither lead wires nor electric circuits. 

Recently, a new application of highly efficient, photostrictive 
PLZT films on flexible substrates has been conceived for usage in the 
new class of small vehicles for future space missions [13]. Micro 
walking device can be designed into arch-shaped photoactuating 
composite films (unimorph type) with a triangular top (Fig. 4). In 
order to maximize the photostrictive properties of the sample, the 
sample thickness can be determined from the proposed model in section 
3.1. 

This device is driven at their resonance mode under an 
intermittent illumination.    Photo-mechanical resonance in a PLZT 



bimorph has been successfully demonstrated [4]. Photo-actuating films 
may be fabricated from PLZT solutions and coated on one side of a 
suitable flexible substrate which will then be designed to have a 
curvature of 1 cm"1. A slight difference in length between the right and 
left legs is designed in order to provide a slight difference between their 
resonance frequencies. This facilitates in controlling the device in both 
clockwise and counterclockwise rotations. A light chopper operating 
at a frequency close to resonance can be used to illuminate the device, 
in order to maximize the vibration of the bimorph which will then 
provide the capability to turn by applying different resonance 
frequencies of two legs. 

1. initial Stage 

Nail 

30U»»Ü7~1   Flexible substrate " 50 u-  

Moving direction 

3. Illumination off 

Fig. 4 (a) Schematic diagram of an arch-shaped photoactuating film device, 
and (b) its triangular top shape. 

In conclusion, photostrictive actuators are promising devices in 
the 21st century because of their remote control capability without 
interfered by electromagnetic noise. Thin/thick PLZT film approaches 
seem to be most efficient for these photo-actuation devices. 
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Photostrictive materials, exhibiting light-induced strains, are of interest for 
future generation wireless remote control photo-actuators, micro-actuators, 
and micro-sensors applications. (Pb, La)(Zr, Ti) 03 (PLZT) ceramics doped 
with WO3 exhibit large photostriction under uniform illumination of near- 
ultraviolet light. Using a bimorph configuration, a photo-driven relay and a 
micro walking device have been demonstrated. However, tor the fabrication 
of these devices, higher response speed must be achieved. The present paper 
reviews some theoretical models for the photovoltaic effect first, then 
enhanced performance through sample thickness and surface characteristics, 
finally its potential future applications. 

Keywords: Photovoltaic effect, Photostriction, Actuator, Surface 
characteristics, PLZT ceramics 

1. INTRODUCTION 
The continuing thrust towards greater miniaturization and 

integration of microrobotics and microelectronics has resulted in 
significant work towards development of ceramic actuators, utilizing 
their wavelength-dependent optical actuation mechanisms. In the 
recent days, photostrictive actuators - which directly converts the 
photonic energy to mechanical motion - have drawn significant 
attention for their potential usage in microactuation and microsensing 
applications. Optical actuators are also anticipated to be used as the 
driving component in optically controlled "electromagnetic-noise free" 
systems. The photostrictive effect has also recently been used in 
fabricating a photophonic device, where light was transformed directly 



into sound from the mechanical vibration induced by intermittent 
illumination. 

The photostrictive effect has been studied mainly in ferroelectric 
polycrystalline materials for potential commercial applications. 
Lanthanum-modified lead zirconate titanate (PLZT) ceramic is one of 
the most promising photostrictive materials due to its relatively high 
piezoelectric coefficient and ease of fabrication. However, previous 
studies have shown that for commercial applications, improvements in 
photovoltaic efficiency and response speed of the PLZT ceramics are 
essential. The improvement in photostrictive properties require 
consideration of several parameters, such as material parameters, 
processing condition and microstructure, and sample configuration and 
performance testing conditions. 

This paper reviews some models for explaining the photovoltaic 
effect first, then the influence of sample geometry, and finally describes 
the potential applications. 

2. PHOTOSTRICTIVE EFFECT 
In principle, photostrictive effect arises from a superposition of 

the photovoltaic effect, i.e. generation of large voltage from the 
irradiation of light, and the converse-piezoelectric effect, i.e. expansion 
or contraction under the voltage applied [1]. 

The photostrictive phenomenon has been observed in certain 
ferroelectric materials. The figure of merit of photostriction is generally 
expressed as the product of photovoltage, Epi,, and the piezoelectric 
constant, d33. Therefore, for application purposes, enhancement and/or 
optimization of photostrictive properties requires consideration of both 
the terms in the figure of merit. Recently, PLZT ceramics have gained 
considerable attention due to their excellent photovoltaic properties, 
high d33 and ease of fabrication. 

When a non-centrosymmetric ferroelectric material is 
illuminated with uniform light having a wavelength corresponding to 
the absorption edge of the material, a steady photovoltage/ 
photocurrent is generated [2]. In some materials, the photovoltage 
generated is greater than the band-gap energy, and can be of the order 
of several kV/cm. This phenomenon, referred to as the anomalous 
photovoltaic effect (APV), is different from the phenomenon in the p-n 
junction of semiconductors (e.g. solar battery) [3,4]. 

The origin of photovoltaic effect is not yet clear, even though 
several models have been proposed on the mechanism of photovoltaic 



effect. The key issues in understanding the APV mechanism are both, 
impurity doping and crystal asymmetry. We proposed previously one 
of the current source models, based on the electron energy band model 
for PLZT ceramics [5]. The donor impurity levels induced in 
accordance with La doping are present slightly above the valence band. 
The transition from these levels with an asymmetric potential due to the 
crystallographic anisotropy may provide the preferred momentum to 
the electron. The asymmetric crystal exhibiting a photovoltaic response 
is also piezoelectric in principle, and therefore, a photostriction effect is 
expected as a coupling of the bulk photovoltaic voltage with the 
piezoelectric constant. 

Recently another model of APV has also been proposed based 
on the voltage source mechanism [6]. The photovoltaic properties are 
attributed to the photocarriers and internal electric fields generated by 
near-UV illumination. The optical nonlinearity of the second order, 
which is popularly introduced in ferroelectrics, has been proposed as 
the origin of photo-induced dc field generation [6]. When an 
alternating electric field at an optical frequency is applied (i.e., light 
illumination), the average of the local electric field Eiocai is not zero, but 
can be calculated as: 

1 ,2 0) E local     =  T" YX 2 & op 

where y is the Lorenz factor of this crystal, X2 is the nonlinear 
susceptibility of the second order, and Eop is the electric field at an 
optical frequency (THz) [7]. Because the nonlinear effect is affected by 
the degree of coherence, considering the depression of nonlinear effect 
due to the incoherency, the expression for the effective dc field induced 
by incoherent light source may be modified as: 

where Ci is a constant and ß is a parameter expressing the depression. 
effect.  The value of parameter ß is expected to lie between 0 and 1. 
Replacing the variable E2„p with the intensity (lop), the following 
expression for the average induced (dc) field due to the incoherent light 
can be obtained: 

Edc = Elocal = clYX2 Vop )ß ^ 
where c2 is a constant and Eac is the effective dc field for photoinduced 
carriers. Note that the induced field, Edc, is proportional to the 
nonlinear susceptibility as well as the Lorentz factor, y. 



3. SURFACE GEOMETRY DEPENDENCE 
Since the photostrictive effect is excited by the absorption of 

illumination in the surface layer of ceramics, it is apparent that the 
surface geometry of the photostrictive material will have a strong 
bearing on the generation of photocurrent and photovoltage. Using a 
sample thickness closer to the penetration depth will ensure that the 
entire film will be active and efficiently utilized. Therefore, 
investigation of photovoltaic response as a function of sample thickness 
is desired in determining the optimal thickness range with maximum 
photovoltaic effect. In addition, studying the effect of surface 
roughness will provide an insight on the absorption dependence of 
photostriction. 

In order to determine the optimum sample thickness, 
dependence of photovoltaic effect on sample thickness of PLZT 
(3/52/48) ceramics doped with 0.5 at.% W03 was examined. 
Photovoltaic response was found to increase with a decrease in sample 
thickness in PLZT ceramics (see Fig. 1). 

A model has been proposed to explain and quantify the 
observed influence of sample thickness on photovoltaic response [8], 
where the absorption coefficient is assumed to be independent of light 
intensity and the photocurrent density is taken to be proportional to 
light intensity. The sample is assumed to comprise of thin slices along 
the thickness direction of the sample. 

Figure 1 shows the plot between the normalized photocurrent 
(im) and sample thickness calculated for the external resistance (Rm = 
200 TO). The computed result shows good agreement with the 
experimental data. With increasing in sample thickness, ia, increases, 
reaches a maximum, and subsequently it decreases with the sample 
thickness. The decrease in in, can mainly be attributed to the dark 
conductivity (od). The optimum thickness (for the present set of 
samples) which yields maximum photocurrent is found at 33 um, which 
is close to the light (366 nm) penetration depth of the PLZT. The 
relatively low value of optimum thickness implies that the lower sample 
thickness will be expected to give better photovoltaic response. 

The variation of photovoltaic current with surface roughness is 
plotted in Fig. 2. The photocurrent increases exponentially with 
decreasing surface roughness. This is due to the fact that with an 
increase in surface roughness, the penetration depth of the illumination 
decreases, while contributions from multiple reflections increase. 
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4. POTENTIAL APPLICATIONS 
We have previously demonstrated the application of 

photoactuation in PLZT ceramic wafers as photo-driven relay [9] and 
photo-driven micro walking machine [10]. These devices are designed 
to use incident light and have neither lead wires nor electric circuits. 

Recently, a new application of highly efficient, photostrictive 
PLZT films on flexible substrates has been conceived for usage in the 
new class of small vehicles for future space missions [11]. Micro 
walking device can be designed into arch-shaped photoactuating 
composite films (unimorph type) with a triangular top (Fig. 3). In 
order to maximize the photostrictive properties of the sample, the 
sample thickness can be chosen around 33 urn. 

This device is driven at their resonance mode under an 
intermittent illumination. Photo-mechanical resonance in a PLZT 
bimorph has been successfully demonstrated [4]. Photo-actuating films 
may be fabricated from PLZT solutions and coated on one side of a 
suitable flexible substrate which will then be designed to have a 
curvature of 1 cm"1. A slight difference in length between the right and 
left legs is designed in order to provide a slight difference between their 
resonance frequencies. This facilitates in controlling the device in both 
clockwise and counterclockwise rotations. A light chopper operating 
at a frequency close to resonance can be used to illuminate the device, 
in order to maximize the vibration of the bimorph which will then 
provide the capability to turn by applying different resonance 
frequencies of two legs. 



In conclusion, photostrictive actuators are promising devices in 
the 21st century because of their remote control capability without 
interfered by electromagnetic noise. Thin/thick PLZT film approaches 
seem to be most efficient for these photo-actuation devices. 
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Fig. 3  (a) Schematic diagram of an arch-shaped photoactuating film device, 
and (b) its triangular top shape. 
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ABSTRACT: The anomalous photovoltaic effect, i.e., substantial voltage generation exceeding 
band gap energies, by homogeneous illumination in the non-centrosymmetric materials is a well- 
known phenomenon. This mechanism is fundamentally different from those observed in heterojunc- 
tions/homojunctions (i.e., solar cells) based on semiconductor materials with a symmetric crystal 
structure. Recently, light induced strain termed as Photostriction, has been demonstrated in non- 
centrosymmetric perovskite ferroelectrics as lanthanum-modified lead zirconate titanate (PLZT) ce- 
ramics. PLZT ceramics have gained considerable attention due to their large photostrictive re- 
sponses. When a light is illuminated on a polarized photostrictive bimorph, a large photovoltage of 
the order of kV/mm is generated across its length in the spontaneous polarization direction which 
results in strain generation by converse-piezoelectric effect and caused the bimorph to deflect in the 
direction away from the illumination. The photoactuation has been demonstrated in PLZT ceramic 

' wafers as two different kinds of actuators, (i) photo-driven relay and (ii) photo-driven micro walking 
machine. These materials are also promising for the photo-acoustic device (e.g., Photophone) of the 
optical communication system. However, photostriction being a recently observed phenomenon, is 
far from optimum condition. It is expected that the optimization with respect to materials and mi- 
crostructural characteristics will lead to a substantial enhancement in the photoactuation efficiency. 
Increasing the photoactuation efficiency will eliminate the need for electrical energy, and will open 
up numerous possibilities of contactless actuators. In this paper the influence of composition depen- 
dence and impurity doping effects on microstructure and photostrictive responses of PLZT ceramics 
have been investigated. 

INTRODUCTION 

MATERIALS exhibiting the photostrictive effect have 
been focus of attention for their potential usage as 

wireless photodriven actuators, relays, and microrobots. (Pb, 
La)(Zr, Ti) 03 (PLZT) ceramics doped with W03 exhibit 
large photostriction under uniform illumination of near- 
ultraviolet light [Tanimura and Uchino (1988), Chu and 
Uchino (1994), and Nonaka et al. (1996)]. These materials 
are also promising candidates for use in photoacoustic 
devices such as photophones in optical communication 
systems [Chu and Uchino (1994)]. The photostrictive prop- 
erties of PLZT ceramics are influenced by material parame- 
ters (e.g., composition and stoichiometry, dopant type and 
concentration), processing conditions (e.g., processing route 
and parameters), and performance testing conditions (e.g., 
surface characteristics and illumination). 

In order to utilize the photostrictive materials for com- 
mercial applications, their performance and efficiency need 
to be further improved. Increasing the performance of pho- 
tostrictive materials will also open up numerous applications 

•Author to whom correspondence should be addressed. E-mail address kenji- 
uchino@alpna.mrl.psu.edu 

as contactless actuators. The present research was aimed 
towards improving the performance of photostrictive materi- 
als by optimizing the material parameters (composition and 
dopant type and concentration) of lanthanum-modified lead 
zirconate titanate (PLZT) ceramics. 

EXPERIMENTAL PROCEDURE 

PLZT compositions are given in the form of Pbj.x 

La^Zr^Tiy.^y.^Oa (abbreviated as PLZTX07Z, X = lOOx; 
Y = lOOy; and Z = 100(7-^)). PLZT ceramics with concen- 
tration of La varying from 2-5 at%, Zr/Ti ratio varying from 
48/52 to 54/46 were prepared by the conventional oxide 
mixing process. These series of compositions are located in 
the area around the morphotropic phase boundary (MPB), in- 
cluding the particular composition 3/52/48 which was re- 
ported to exhibit the maximum photovoltaic effect in the 
previous studies [Uchino and Aizawa (1985), Chu and 
Uchino (1995)]. In order to study the effects of impurity 
doping on photostriction of PLZT ceramics. PLZT (3/52/48) 
doped with Nb5+, Mo6+, and Gd3 + were also prepared by the 
conventional oxide mixing process. The details of the con- 
ventional oxide mixing process was reported in an earlier 
publication [Poosanaas et al. (1997)]. 
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Phase identification was performed using X-ray diffraction 
(Scintag diffractometer, Vax 3100 System). All samples ex- 
hibited perovskite structures. Microstrucrure and grain size 
of the samples were observed by scanning electron mi- 
croscopy (ISI-DS 130). Dielectric properties of PLZT 
samples were measured with an impedance analyzer (HP- 
4284A). Samples for dielectric measurements were polished 
to about 10 mm in diameter and 1 mm in thickness, then elec- 
troded with platinum (Pt) by sputtering. Piezoelectric proper- 
ties of all the samples were measured by using a Berlincourt 
d33 meter (Channel Products, Inc.) at 100 Hz. Samples for 
piezoelectric measurement were of the same configuration as 
for dielectric measurements. They were poled in silicone oil 
at 120 °C under a 2 kV/mm electric field for 10 min. 

Photovoltaic measurements were done using a high-input- 
impedance electrometer (Keithley 617), while the photo- 
striction was measured by a displacement sensor (LVDT, 
Millitron model 1301). These measurements were done by 
radiating the light perpendicular to the polarization direc- 
tion. The samples of 5 X 5 X 1 mm3 were cut and polished 
for these measurements. The 5 X 1 mm2 surfaces were plat- 
inum electroded and poled. A high pressure mercury lamp 
(Ushio Electric USH-500D) was used as a light source for 
the measurement. The white radiation was passed through an 
IR blocking filter and an UV bandpass filter to obtain a beam 
with a maximum strength around 366 run and an intensity of 
3.25 mW/cm2, before illuminating the samples (5X5 mm2 

polished surface). 

RESULTS AND DISCUSSION 

Photostrictive Effect Near the Morphotropic 
Phase Boundary 

THE EFFECT OF COMPOSITION ON THE GRAIN SIZE 
The photovoltaic and piezoelectric effects are reported to 

depend on the grain size [Sada, Inoue, and Uchino (1987)]. 
PLZT ceramic samples were polished, thermally etched and 
observed under an SEM in order to study the effect of compo- 
sition on the grain size. The average grain sizes, determined 
by the intercept method, were in the range of 1 to 5 u,m. 
Figure 1 shows the variation of average grain size as a func- 
tion of Zr/Ti ratio and La content. The average grain size de- 
creases with La addition. As Zr/Ti ratio increases and 
approaches to the MPB region, the average grain size in- 
creases [Poosanaas and Uchino (199 8)]. This behavior agrees 
well with the previous study reported by Haertling and Land 
(1971) and Akbas, Reaney, and Lee (1996). However, the 
grain size distribution does not seem to reflect directly on the 
photovoltaic property contour discussed below. 

PIEZOELECTRIC PROPERTIES 
The piezoelectric constant (d33) contour map for the 

PLZT system is plotted in Figure 2. The maximum d33 was 
also found at the MPB, which increased with increasing 
Zr/Ti ratio [Poosanaas and Uchino (1998)]. 
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Figure 1. The contour map of the average grain size in PLZT ceram- 
ics. Larger grain sizes were found along the MPB of PLZT system. 

PHOTOVOLTAIC PROPERTIES 
In an earlier investigation [Sada, Inoue, and Uchino 

(1987)], the highest photovoltaic responses in the PLZT 
system were observed in the composition PLZT 3/52/48. 
However, due to the large composition interval used in this 
study, it may be possible that the optimal composition was 
only approximately identified. This would be of importance 
especially around the MPB where small composition 
changes significantly influence the photovoltaic properties. 
The contour maps of the photocurrent and photovoltage in 
the PLZT phase diagram are shown in Figures 3 and 4, re- 
spectively. In these two figures, the solid circles indicate the 
location of PLZT 3/52/48, which correspond to the earlier 
reported maximum photocurrent and photovoltage. 

In the present work, with measurements made for much 
smaller compositional intervals, the maximum photocurrent 
and photovoltage were observed at different compositions of 
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Figure 2. Variation of piezoelectric constant (d33) in the PLZT 
system. The maxima of d33 have been found along the MPB. 
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Figure 3. The contour map of photocurrent in PLZT ceramics. The 
maximum photocurrent was found at PLZT 4148/52 having tetragonal 
phase. • represented the maximum photocurrent composition re- 
ported earlier. 

PLZT ceramics. The maximum photocurrent was observed 
in PLZT 4/48/52, which corresponds to the tetragonal phase. 
The maximum photovoltage was observed in PLZT 5/54/46, 
which is along the MPB. The magnitudes of photocurrent 
and photovoltage were enhanced by a factor of 2 or more for 
these new compositions [Poosanaas and Uchino (1998)]. 

It must be noted that the maximum photocurrent and pho- 
tovoltage are obtained at different compositions. Although, 
the addition of La content increases the impurity level and 
thereby photocurrent, the increase in La content and Zr/Ti 
ratio also promotes the stability of higher symmetry cubic 
phase resulting in a decrease in photocurrent at much higher 
La contents (e.g., 5 at% La content). This provides the 
maximum point of the photocurrent at PLZT 4/48/52. 

The contour map of photoconductance in the PLZT phase 
diagram is shown in Figure 5. It can be noted that the photo- 
conductance is low along the MPB. The minimum photo- 
conductance corresponds to the composition PLZT 5/54/46, 
where a maximum in photovoltage was observed. 

Since the maximum photocurrent, which governs the re- 
sponse speed, and maximum photovoltage, which governs 
the magnitude of strain, are located at different composi- 
tions of PLZT ceramics, new figures of merit for photo- 
striction considering both these terms are required. These 
new figures of merit for photostriction can be derived as 
follows: 

The photoinduced strain as a function of time, t, is given 
by: 

xph = d^Eph\ 1 - exp^— 

For t<<l, the above equation reduces to: 

(1) 

xph dttEph1 

RC 
(2) 

thus the figure of merit for speed is defined as d23Iph/C, 
because the sample resistance, R, is provided by EphIIph. 

For t>>l, the equation reduces to the figure of merit for 
the saturated strain: 

xph — dttEph (3) 

where xph is the photo-induced strain, d33, the piezoelectric 
constant of the materials, Eph, photovoltage, Iph, photocur- 
rent, and C is the capacitance of the material, respectively. 
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Figure 4. The contour map of photovoltage in PLZT ceramics. Pho- 
tovoltage was found to be maximum at PLZT 5154/46 and along the 
MPB of PLZT system. • represented the composition with maximum 
photovoltage reported earlier. 
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F/gure 5. The contour map of photoconductance in PLZT system. 
Photoconductance is minimum along the MPB. The minimum photo- 
conductance was found at PLZT 5/54/46 where it also exhibits the 
maximum photovoltage. 
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In order to obtain a high photo-induced strain, materials 
with high d33 and Eph are needed. On the contrary, for high 
response speed, materials with high d33, Iph and low dielec- 
tric constant are required. 

Impurity Doping Effects 

Additions of small quantities of impurity atoms to PLZT 
ceramics have made dramatic effects on microstructure and 
photovoltaic and photostrictive properties of PLZT ceram- 
ics. So far, only the influence of two B-sites donor dopants, 
W + andTa5+, have been intensively examined and reported 
in the literature [Chu and Uchino (1994,1995), Sada, Inoue, 
and Uchino (1987), and Nonaka et al. (1995)]. Therefore, it 
will be of great interest to study the photovoltaic and photo- 
strictive effects of the dopants Nb5+ and Mo6+, which are in 
the same column of periodic table as Tas+ and W6+. 

The rare earth metal dopants have also been observed to 
profoundly affect the photoluminescence of PLZT ceramics. 
It is therefore, expected that they will influence the photo- 
voltaic properties of PLZT ceramics. Substantial work has 
been carried out on lanthanum modified PZT ceramics with 
enhancement in performance. Lanthanum substitution for 
Pb2+ reduces the distortion (anisotropy) of the oxygen octa- 
hedral (AB03) unit cell and thereby reduces the light scat- 
tering. It also produces a significant number of lattice 
vacancies which improves densification, and results in 
highly uniform microstructure with reduced tendency of 
grain growth. However, little work has been reported on the 
PLZT doped by other lanthanides such as Gd3+ which has 
the same trivalent state and an ionic radius close to the A-site 
cations (Pb2+ = 1,20 A, La3+ = 1.016 A, and Gd3+ = 
0.938 A) [Weast et al. (1969)]. Similar to La3+, the Gd3+ 

dopant is also expected to substitute in the Pb2+ site, main- 
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Figure 6. SEM micrographs of PLZT (3/52148) ceramics (a) undoped; (b) doped with 1 at % NbzOs; (c) doped with 0.5 ar% 
Mo03; and (d) doped with 0.5 at% Gd203. 
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tain the stoichiometry and enhance the PZT properties. In 
this paper, the photovoltaic and photostrictive effects of 
Nb5+, Mo6+, and Gd3+ doped PLZT (3/52/48) ceramics 
fabricated by the conventional oxide mixing method have 
been investigated. 

MJCROSTRUCTURE ANALYSIS 
SEM micrographs of the thermally etched surfaces of the 

undoped PLZT and selected micrographs of Nb5+, Mo6+, 
and Gd3+ doped PLZT ceramics samples are shown in 
Figure 6 (a)-(d)- The mean grain sizes, determined from the 
intercept method, are plotted in Figure 7 as a function of 
dopant concentration. Figure 7 indicates that doping with 
Nb5+ is effective in suppressing the grain growth of PLZT 
ceramics for all concentrations. In the case of Gd3+ doped 
PLZT ceramics, anomalous grain growth was observed with 
the addition of a small amount (0.3 at%) of Gd203 as shown 
in Figure 8. However, with larger additions of Gd3+, grain 
growth is suppressed, resulting in a minimum grain size cor- 
responding to 0.5 at% Gd203 content. 

In the PLZT ceramics doped with Mo6+, the grain size 
decreases with dopant concentration. The minimum grain 
size was found at a concentration of 0.5 at% Mo03. The de- 
crease in grain size with dopant addition is attributed to the 
association of charged vacancies (formed by donor dopants) 
and impurity ions, which decreases the grain boundary mo- 
bility. In this study, addition of 0.5 at% Gd203 was found to 
be the most effective and resulted in a grain size decrease of 
PLZT ceramics by more than 100%. 

DIELECTRIC AND PIEZOELECTRIC PROPERTIES 
Figure 9 shows the variation of room temperature dielec- 

tric constant (eRT) as a function of Mo03, Nb20s» and 
Gd203 concentration measured at 1 kHz. The room temper- 
ature dielectric constant was found to decrease with in- 
creasing Mo03 content. This was partially due to the lower 
grain size observed in the Mo6+ doped PLZT ceramics. In 
the case of Gd3+ doped PLZT ceramics, the eRT decreased 
with a small increase in Gd203 content and then increased. 
The ERT showed the minimum at 0.5 at% Gd203 content, 
which also corresponds to the minimum grain size. 
However, Nb5+ was found to increase the sRT which is gen- 
erally explained on the basis of the charge compensation 
due to the Pb evaporation during sintering by creating donor 
impurities of Nb5+ [Murty et al. (1992) and Yoon et al. 
(1998)]. 

Figure 10 shows the piezoelectric constant (d33) as a func- 
tion of Mo03, Nb205, and Gd203 concentration. It can be 
observed that all dopants cause a decrease in the parameter 
d33. This is mainly due to the dopant-influenced decrease in 
grain size, which reduces the domain wall contribution to 
the piezoelectric properties and piezoelectric constant. Nb- 
doped PLZT almost sustains similar magnitude of d33, prob- 
ably due to the easy domain wall mobility as discussed 
above. 
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Figure 7. Variation of mean grain size as a function of doping con- 
centration in PLZT (3152/48) ceramics fabricated by oxide mixing 
method. 
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Figure 8. SEM micrograph of 0.3 af% Gd203 doped PLZT (3152/48) 
ceramic. The anomalous grain growth was observed. 
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doping concentration in PLZT (3/52/48) ceramics. 
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Figure 10. The piezoelectric constant as a function of doping con- 
centration in PLZT (3/52/48) ceramics. 
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Figure 12. Photocurrent as a function of doping concentration in 
PUT (3/52/48) ceramics. 

PHOTOVOLTAIC AND PHOTOSTRICTIVE PROPERTIES 
Figures 11 and 12 show the variation of photovoltage and 

photocurrent with Mo03, Nb205, and Gd203 concentration 
under an illumination intensity of 3.25 mW/cm2. The 
maximum values of photovoltage and photocurrent were ob- 
tained at 0.5 at% of Mo03, 1 at% Nb205, and at 0.5 at% 
Gd203 concentrations. The maximum induced photocurrent 
was of the order of nA/cm, whereas, the maximum photo- 
voltage was more than 1 kV/cm. A modified value of pho- 
tocurrent density (nA/cm) was used in this paper by 
integrating the current with respect to the light penetration 
depth since light is almost absorbed on the surface region of 
the sample. The higher magnitudes of photovoltage 
achieved in smaller grain size samples (0.5 at% Gd203 and 
0.5 at% Mo03) suggests that photovoltage increases with 
decreasing grain size. This is consistent with earlier re- 
ported work, where the photovoltage was found to increase 
with the number of grain boundaries [Brody (1975)].'The 

PLZT ceramic samples doped with 0.5 at% Gd203 concen- 
tration, resulted in smallest grain size as well as the 
maximum photocurrent and photovoltage values. The lowest 
photovoltage among all the samples was observed in the 
composition with 0.3 at% Gd203 concentration, which can 
be attributed to the anomalous grain growth observed in this 
sample. 

Figure 13 shows the photoinduced strain as a function of 
dopant type and concentration. The maximum photostriction 
among all the samples was found in PLZT ceramics doped 
with 0.5 at% Gd203. Similarly, the maximum photostriction 
was observed at 0.5 at% Mo03 and 1.0 at% Nb2Os concen- 

,6+ trations in PLZT ceramics doped with Nb5+ and Mo' 
dopants. Since all the dopants decreased the d33 of PLZT 
based ceramics, the photo-induced strain is solely governed 
by the photovoltage effect. 
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Figure 11. Photovoltage as a function of doping concentration in 
PLZT (3/52/48) ceramics. 
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CONCLUSION REFERENCES 

A rigorous investigation of the composition dependence, 
especially near the morphotropic boundary, on photovoltaic 
properties in PLZT ceramics was carried out in order to 
examine compositions for the maximum photovoltaic prop- 
erties. The maximum photocurrent was found at PLZT 
4/48/52 which is in the tetragonal phase while the maximum 
photovoltage was found at PLZT 5/54/46 which is around 
the MPB of the PLZT phase diagram. The photocurrent and 
photovoltage were improved more than twice higher for the 
new compositions of PLZT. 

6+ 

Nb , Mo , and Gd dopants were found to be effec- 
tive in suppressing the grain growth of PLZT ceramics. 
Nb5+ has been found to enhance the photovoltaic and photo' 
strictive properties in all concentrations. However, the Mo' 
and Gd3+ dopants exhibited anomalous variations in grain 
sizes. Doping PLZT ceramics with 0.5 at% Gd203 concen- 
tration was found to be the most effective in reducing the 
grain size and enhancing the photovoltaic and photostrictive 
properties of PLZT ceramics. 

The high performance photostrictive materials can be tai- 
lored using these new compositions and these promising 
dopants. 
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Abstract Lanthanum-modified lead zirconate titanate (PLZT) ceramics (3/52/48) doped with 0.5 at.% W03 

were prepared by three different processing methods, coprecipitation, sol-gel and conventional oxide mixing tech- 
niques, to investigate the effect of processing route on photovoltaic and photostrictive properties. The piezoelectric 
constant (^33) was observed to be independent of processing technique. Photovoltaic and photo-induced strain were 
found to get enhanced with decreasing grain size and increasing relative density. PLZT ceramics prepared by the 
coprecipitation route possess unique combination of favorable properties namely: high purity, higher degree of 
homogeneity, uniform distribution of doping, stoichiometric compositions, finer grain size and highest density. 
This resulted into enhanced photostrictive properties in coprecipitated PLZT ceramics. 

Keywords: coprecipitation technique, photostriction, photovoltaic effect, PLZT ceramic, sol-gel technique, 
tungsten 

Introduction 

Photostriction is the light induced strain in a material, which can also be regarded as the 
superposition of photovoltaic and converse-piezoelectric effects [1]. Materials exhibiting 
photostrictive effect are of interest for their potential usage in new types of actuators such 
as wireless remote control photo-actuators. The possibility of directly producing strain by 
light illumination without any electrical lead wire connection makes them very attractive 
for micro-actuator and micro-sensor applications. Flexible microactuators based on tailored 
films of photostrictive PLZT with respect to the sample thickness and surface characteristics 
on flexible substrate have high potential for a substantial enhancement in the photoactuation 
efficiency. This flexible actuators can be used in bio-morphic explorers for future space 
missions as proposed by Thakoor et al. [2]. Additionally they would also be useful for a 
variety of applications including photostrictive motor, transformers, transducers, advanced 
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mobility, shape control, and microvalves [2, 3]. Adaptive space structures which can be 
controlled by the illumination are some of the possible and intriguing applications. These 
materials are also promising for the photo-acoustic device of the optical communication 
system, such as photophone [4]. 

Lanthanum-modified lead zirconate titanate (PLZT) ceramics are one of the proven pho- 
tostrictive material. It has been observed that doping W03, donor in the B-site, into the 
PLZT ceramic results in significant enhancement in this property [5-7]. Besides the effect 
of doping, fabrication and processing methods have been reported to profoundly affect the 
photovoltaic properties and the strain response. This effect comes through the influence of 
processing methods on the microstructure, and other physical properties such as density, 
porosity, and chemical composition. Ceramic materials with high density, low porosity, 
better homogeneity and a good control of stoichiometry are desired for enhanced photo- 
voltaic and photostrictive properties. Investigation of the microstructure and properties of 
PLZT ceramics fabricated by different routes are of interest for finding the technique with 
best photostrictive properties. 

It has been observed that the conventional solid-state reaction of the metal oxides and 
carbonates often results in PLZT products with moderate photovoltaic and photostrictive 
properties due to the compositional and structural inhomogeneities, characteristic of this 
fabrication route [8, 9]. Coprecipitation and sol-gel techniques are two of the chemical 
routes which has the inherent advantage in producing high density homogeneous ceram- 
ics with a greater control of stoichiometry [10-12]. Therefore, process for preparation of 
PLZT via chemical routes with suitable non-oxide precursors is attractive. Among various 
non-oxide routes, the hydroxide coprecipitation method has also been widely used for the 
preparation of PLZT powders [11-14]. Fine powders prepared by this route are more ho- 
mogeneous and more reactive than those prepared by conventional oxide mixing process. 
In addition, the lower processing temperature also minimizes the loss of PbO evaporation. 

In order to investigate the influence of processing techniques on photostrictive property, 
ceramics of PLZT (3/52/48) doped with 0.5 at.% W03 were prepared by three different 
methods, (i) conventional oxide mixing process, (ii) sol-gel technique using lead(II) ace- 
tate trihydrate, lanthanum(III) acetylacetonate hydrate, Zr, Ti and W alkoxides, and (iii) 
hydroxide coprecipitation routes using nitrate and chloride precursors. The photostrictive 
effect of these materials were characterized and correlated to the fabrication method. 

Experimental procedure 

PLZT (3/52/48) ceramic with a composition of 3 at.% La, Zr/Ti ratio of 52/48 and doped 
with W03 was selected due to its proven high photovoltaic effect [5]. PLZT ceramics 
doped with 0.5 at.% W03 were prepared by the conventional oxide mixing process and 
by the chemical synthesis (sol-gel and coprecipitation) techniques. Figure 1 illustrates a 
flow chart for the sample preparation by the conventional oxide mixing process. The flow 
chart for the sample preparation by the sol-gel technique using lead(II) acetate trihydrate, 
lanthanum(III) acetylacetonate hydrate, Zr, Ti, and W alkoxides, is shown in figure 2. The 
details of these two preparation techniques were reported in an earlier communication [9]. 
The details of the processing technique for hydroxide coprecipitation is shown in figure 3. 
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Weighing 
PbC03, La203, Zr02, Ti02, and doping (WO3) 

1 
Wet ball mill mixing 

48 h 
1 

Drying 
48 h 
jk 

Calcination 
(950 °C, 10 h) 

Mixing with binder 

Wet ball mill mixing 48 h 
      and drying 48 h 

Mold pressing 

Binder burn out 
(300 °C, 2h and 550 °C, 4 h) 

Sintering 
(1270 °C, 2 h) 

PLZT sample 

Figure 1.   Flow diagram of sample preparation by conventional oxide mixing process. 
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Pb acetate 
La acetylacetonate 

2-MOE 

Ti(OPr)4, Zr(OBt)4 

W(OEt)6 

2-MOE 

Distill off H20 
Reflux in Ar at 125 °C Reflux in Ar at 125 °C 

Pb, La, Zr, Ti, W alkoxides +2-MOE 

Reflux in Ar at 125 °C and cool down 

Adjust pH and Hydrolyse D 
PLZT precursor gel 

Remove solvent and 
decompose organic 

PLZT gel powder 

Calcination 600 °C, lh 

Mixing with binder, Mold pressing, 
Binder burn out 

Sintering 1250 °C, 2h 

C PLZT sample 

Figure 2.   Flow diagram of sample preparation by sol-gel technique: 2-MOE: 2-methoxyethanol; Ti(OPr)4: 
Titanium(IV) isopropoxide; Zr(OBt)4: Zirconium(IV) butoxide; W(OEt)6: Tungsten(VI) ethoxide. 
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Pb(N03)2 La(NO3)36H20 Na2WO42H20 ZrOCl28H20 TiCL, 

pHIO 
byNI^OH 

Wash and filtration 3 
pH5 

byNI^OH 

Wash and filtration 

Mixing and stirring 

Evaporation of solvent 260 °C, 4h ] 
Calcination 550 °C, lh 

Mixing with binder, Mold pressing, 
Binder burn out 

Sintering 1150 °C, 4h 

PLZT sample 

Figure 3. Flow diagram of sample preparation by coprecipitation technique: Pb(NC>3)2: Lead nitrate; 
La(N03)3-6H20: lanthanum nitrate; ZrOCl2-8H20: Zirconium oxychloride; TiCl4: Titanium tetrachloride; 
Na2W04-2H20: Sodium tungstate. 

In order to achieve a product with desired stoichiometry and homogeneity, the optimum 
coprecipitation conditions for metal hydroxide precursors were determined on the basis of 
solubility limit for aqueous solutions [13]. The starting reagents were high purity lead ni- 
trate Pb(N03)2, lanthanum nitrate La(N03)3-6H20, zirconium oxychloride ZrOCl2-8H20, 
and titanium tetrachloride TiCl4. Sodium tungstate Na2W04-2H20 was added for the dop- 
ing. The precursor site A comprising of Pb(N03)2, La(N03)3-6H20, and Na2W04-2H20 
was dissolved together in deionized (DI) water to form an aqueous solution. On the other 
hand precursor site B with ZrOCl2-8H20, TiCl4, was also dissolved in DI water. The 
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coprecipitation was achieved in these precursors by adding aqueous NH4OH solution. In 
the precursor site A, aqueous NH4OH solution was slowly added and stirred to precipitate 
A-site powders. The solution pH in A and B precursor sites was adjusted and maintained 
at pH 10 and 5 respectively. The precipitates of A and B sites were then washed with DI 
water (pH 10 and 5 respectively) to remove the residual, NOJ, Na+, and Cl~ ion. Both A 
and B site precipitates were filtered, mixed and rinsed thoroughly using reagent alcohol, 
followed by overnight drying at 80°C. The dry cake was crushed and ground using porcelain 
mortar and pestle. In order to evaporate the absorbed water, thermal treatment was given 
on the as-dried powder. Thermogravimetric, differential thermal analysis (TGA 7, DTA 
1700, Perkin Elmer), and X-ray diffraction (Scintag diffractometer, Vax 3100 System) were 
performed to characterize the precipitated powders. Subsequently, the powder was calcined 
and sintered. 

The comparison of the properties of ceramics derived from the three different methods 
were made. The density of the sintered samples was determined by the Archimedes method 
while rnicrostructure and grain size of the samples were observed by scanning electron 
microscopy (ISIDS-130). Dielectric properties of PLZT samples were measured with an 
impedance analyzer (HP-4274A). Samples for dielectric measurement were polished to 
about 10 mm in diameter and 1 mm in thickness, then electroded with platinum (Pt) by 
sputtering. Piezoelectric properties of all the samples were measured by using a Berlincourt 
J33 meter (Channel Products, Inc.) at 100 Hz. Samples for piezoelectric measurement were 
of the same dimension as for dielectric measurements, except they were poled in silicone 
oil at 120°C under a 2 kV/mm electric field for 10 min. 

Photovoltaic measurements were done using a high-input-impedance electrometer 
(Keithley 617), while the photostriction was measured by a displacement sensor (LVDT, 
Millitron model 1301). Figure 4 shows the experimental setup for these measurements 
[9]. These measurements were done by radiating the light perpendicular to the polarization 
direction. The samples of 5 x 5 x 1 mm3 were cut and polished for these measurements. The 
5x1 mm2 surfaces were silver electroded. Poling was performed by applying 2 kV/mm 
electric field for 10 min in silicone oil at 120°C. A high pressure mercury lamp (Ushio 

m 
High pressure blocking Bandpass 
mercury lamp Alter (liter 

(>700 in) (248-390 nm) 
Displacement sensor Millitron displacement meter Oscilloscope 

Figure 4. Experimental set up for photovoltaic and photostrictive measurement. Illumination: High pressure 
mercury lamp; without polarizer; filter (IR blocking filterftandpass filter); wavelength = 366 nm; intensity = 3.25 
mW/cm2. 
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Electric USH-500D) was used as a light source for the measurement. The white radiation 
was passed through an IR blocking filter and an UV bandpass filter to obtain a beam with 
a maximum strength around 366 nm and an intensity of 3.25 mW/cm2, before illuminating 

Jhe samples (5x5 mm2 polished surface). 

Results and discussion 

Characterization of powder derived from coprecipitation technique 

The as-dried powder from coprecipitation technique was examined using TGA-DTA, and 
X-ray diffractometer. The physico-chemical change of the precipitate with temperature 
was investigated with a TGA-DTA apparatus, in the temperature range of 50-1050°C at a 
heating rate of 10°C/min under an air atmosphere and by a powder X-ray diffraction with 
C\xKa radiation. Figure 5 shows TGA and DTA curves for the as-dried precipitate. The 
initial weight loss in the temperature range of 55-250° C may be attributed to the liberation 
of surface absorbed water and/or occluded solvent (water, ethanol), and is accompanied by 
an endothermic DTA peak. Dehydration of the powder resulted in the endothermic peak 
observed at about 150°C. The weight loss at 330-50O°C is due to the decomposition of 
hydroxyl group. The final weight loss above 600°C can be attributed to the strongly bonded 
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Figure 5.    TGA-DTA curves for the as-dried precipitate of PLZT. 
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Fz'gwre 6.   X-ray diffraction patterns of PLZT derived from coprecipitation technique. 

hydroxyl group. 

Figure 6 shows a series of X-ray diffraction patterns of the as-dried powder at different 
temperatures. Crystallization of the perovskite phases during thermal treatment can be 
observed. The precipitate was found to be amorphous up to 450°C for 1 h. The crystalline 
perovskite phase of PLZT appears after 450°C for 1 h. The complete perovskite phase of 
PLZT was formed at 550°C for 1 h. Based on these results the calcination temperature was 
selected to be 550°C for 1 h. 

Comparison of ceramics derived from three different processing techniques 

Physical properties of ceramics produced from three different processing methods are listed 
in Table 1. As can be seen from this table, depending on the processing technique, the 
samples with the same composition exhibit different results. 

Figure 7 shows the relative sintered density of 0.5 at.% W03 doped PLZT ceramics 
prepared through three different methods as a function of sintering temperature after 2 h 
sintering time. A relative density of 98% was achieved for PLZT oxide samples sintered at 
1200°C. The sintered density saturated and remained constant as the sintering temperature 
increases to 1300°C. On the other hand, in the sol-gel PLZT a maximum density of 93% 
was observed at a sintering temperature of 1250°C. The sintered density decreased as the 
sintering temperature was further increased. This was probably due to the evaporation of 
PbO during sintering. A relative density of 97% was achieved for coprecipitated PLZT 
ceramics sintered at 1150°C. However the relative density of coprecipitated ceramics was 
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Table 1.   Comparison of ceramics derived from three different processing techniques. 

Conditions/properties 

Calcination 

Sintering 

Maximum relative density (%) 

Average grain size (/zm) 

Piezoelectric constant cfo (xlO-12 m/V) 

Curie temperature (°C) 

Maximum dielectric constant 

Room temperature dielectric constant 

Photovoltage, £Ph,a (V/cm) 

Photocurrent (nA/cm)a 

Photoinduced strain3 (xlO-5) 

Calculated (^33 x £Ph) 

Conventional oxide Sol-gel Coprecipitation 
mixing process technique technique 

950°C, 10 h 600°C, 1 h 550°C, 1 h 

1270°C,2h 1250°C,2 h 1150°C,4h 

98%. 93% 99% 

1.87 ±0.08 1.72 ± 0.06 1.12 ±0.05 

320 315 310 

300 299 299 

15200 ± 200 12700 ±100 10000 ± 100 

1600 ± 30 1235 ± 20 1220 ±20 

1500 1650 2010 

1.7 2.48 2.50 

4.50 4.94 6.10 

4.80 5.20 6.23 

aFor the illumination intensity 3.25 mW/cm2. 

100   !■■'.' .1    ' Coprecipitatj 

?   90   *>** 

l ■ ' ' *j ' ' ■ ■ I 1 1 1 1 1 1 1 

1050   1100   1150   1200   1250 

Sintering temperature (°C) 
1300 

Figure 7.   Relative density as a function of sintering temperature after 2 h sintering time. 

enhanced to 99% after 4 h of sintering at the same temperature as shown in figure 8. 
As evident from figure 7, the sol-gel PLZT exhibits lower density as compared to the 
oxide PLZT at all the sintering temperatures. This lower density was probably due to finer 
and agglomerated particles. The high density in PLZT oxide samples is due to higher 
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Figure 8.    Relative density of coprecipitated PLZT ceramics as a function of sintering time (at 1150°C). 

packing density without agglomeration as compared to sol-gel ceramics. Coprecipitated 
PLZT ceramics possessed the highest density at the lowest sintering temperature among all 
ceramics due to no agglomeration associated with this route. 

Figure 9 shows the SEM micrographs of the sintered ceramics. The average grain 
size of samples were determined. The average grain sizes for oxide mixing, sol-gel, and 
coprecipitated samples were 1.87, 1.72, and 1.12 ßm, respectively. The grain size was 
smallest for the coprecipitated ceramics among all the samples. In general average grain 
size of ceramics prepared by chemical synthesis is smaller as compared to solid state reac- 
tion due to more reactive powder obtained through chemical routes which resulted in lower 
sintering temperature. 

(a) (b) (c) 

Figure 9.    SEM micrographs of 0.5 at.% W03 doped PLZT ceramics prepared by (a) conventional oxide mixing 
process (b) sol-gel technique and (c) coprecipitation technique. 
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Figure 10.   Dielectric constant as a function of temperature at 1 kHz. 

The dielectric constants of the ceramics derived from three different processing tech- 
niques are shown in figure 10. There was no difference in the Curie temperature among 
three samples. PLZT ceramics from sol-gel and coprecipitation techniques exhibited lower 
dielectric constant compared to the oxide PLZT due to the smaller grain size observed in 
these ceramics. The piezoelectric constant d33 showed a similar tendency for the ceram- 
ics prepared by three different methods with the minimum for the coprecipitated sample. 
However photovoltaic and photostrictive properties vary greatly with the processing tech- 
niques. The photo-induced electric field reached more than 1 kV/cm and the photocur- 
rent density was of the order of nA/cm under the illumination intensity of 3.25 mW/cm2 

for 366 nm wavelength. Coprecipitated PLZT ceramic showed the highest in both the 
photo-induced electric field and strain among all samples, followed by sol-gel PLZT and 
oxide mixing PLZT, due to the smaller grain size observed in this ceramic. Coprecipitated 
sample exhibited photocurrent similar to sol-gel PLZT, which are higher than oxide mix- 
ing PLZT. Table 1 listed the calculated product values of piezoelectric constant d33, and 
photo-induced electric field £ph, which are in good agreement with the experimental data. 

Difference between samples prepared by solid-state reaction as in oxide mixing pro- 
cess and chemical synthesis routes as in sol-gel and coprecipitated methods arises due to 
the difference in a couple of factors. Ceramics prepared by solid state reaction have com- 
positional variation and inhomogeneous distribution of impurities whereas the ceramics 
prepared by chemical synthesis exhibit high purity and preferable properties such as higher 
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degree of homogeneity, uniform distribution of doping and stoichiometric compositions. 
The atomic level interaction and mixing in chemical synthesis resulted in smaller grain 
size and lower sintering temperature. As a result the ceramics prepared by sol-gel and 
coprecipitated techniques exhibit better photovoltaic and photostrictive properties as com- 
pared to the oxide mixing process. Photovoltage increases with decreasing grain size as the 
photovoltage is effected by the number of grain boundaries [8, 15]. Increasing the number 
of grains by decreasing the grain size may increase the photovoltage of the samples as 
observed in coprecipitated and sol-gel ceramics. Enhancement in photo-induced strain for 
the coprecipitated sample is due to increase in photovoltage, as the piezoelectric constant 
of the three samples are similar. The coprecipitated ceramics exhibited the highest photo- 
voltage and photo-induced strain, as it possesses favorable combination of smallest grain 
size and highest relative density. The lower relative density of ceramics prepared by sol-gel 
route is a major limitation of this technique. 

Potential application 

The direct conversion of photonic to mechanical motion by photostrictive effect can lead to 
two broad classes of applications, microactuator and microsensing. Tailored films of pho- 
tostrictive PLZT on flexible substrate with higher efficiency will pave the way for newer 
technologies required in the new class of small vehicles for future space missions. A unique 
combination of direct/driven, electrically/photonically stimulated, strong and flexible ac- 
tuators will lead to ultra-low mass and compact volume packaging, offering a possibility 
of providing multiple explorers at low cost with tailored tentacles to communicate with 
extremely high specificity. This will open new vistas in the actuator technology. A contact- 
less optical energy for rover propulsion will be another potential application. In addition, 
the tetherless optical control of flexible microactuators would also be useful for high preci- 
sion surgery or minimally invasive medical diagnostics, optical micropositioning, optically 
controlled microrobots, solar tracking actuator/shutter, photostrictive motor, transducers 
and photophones. 

Acknowledgments 

One of the authors (P. Poosanaas) would like to acknowledge the Royal Thai Government 
and Dr. Harit Sutabutr from the National Metal and Materials Technology Center (Thailand) 
for granting MOSTE fellowship. 

References 

1. K. Uchino and M Aizawa, Jpn. J. Appl. Phys. 24, 139 (1985). 
2. S. Thakoor, J.M. Morookian, and J.A. Cutts, Proceedings of the Tenth IEEE International Symposium on 

Applications of Ferroelectrics Transactions (1996), vol. 1, p. 205. 
3. M. Sayer, M. Lukacs, and T. Olding, Integrated Ferroelectrics 17, 1 (1997). 
4. K. Uchino, Innovations Mater. Res. 1(1), 11 (1996). 
5. S.Y. Chu and K. Uchino, J. Adv. Performance Mater. 1, 129 (1994). 



EFFECT OF CERAMIC PROCESSING METHODS 69 

6. M. Taminura and K. Uchino, Sensors and Materials 1,47 (1988). 
7. K. Nonaka, M. Akiyama, A. Takase, T. Baba, K. Yamamoto, and H. Ito, J. Mater. Sei. Lett. 15, 2096 (1996). 
8. T. Sada, M. Inoue, and K. Uchino, J. Ceram. Soc. Jpn. Inter. Ed. 95,499 (1987). 
9. P. Poosanaas, A. Dogan, A.V. Prasadarao, S. Komarneni, and K. Uchino, J. Electroceramics 1(1), 111 (1997). 

10. B.S. Chiou, J.N. Kno, and H.T. Dai, J. Elec. Mater. 19(4), 393 (1990). - 
11. Y. Yoshikawa, K. Tsuzuki, T. Kobayashi, and A. Takagi, J. Mater. Sei. 23, 2729 (1988). 
12. J. Thomson, Ceram. Bull. 53(5), 421 (1974). 
13. J.H. Choy, Y.S. Han, and J.T. Bum, J. Mater. Chem. 5(1), 65 (1995). 
14. M. Murata, K. Wakino, K. Tanaka, and Y. Hamakawa, Mat. Res. Bull. 11,323 (1976). 
15. P.S. Brody and B.J. Rod, Integrated Ferroelectrics 2,1 (1992). 


