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Ultrasound Transducer Models for Piezoelectric
Polymer Films

LEWIS F. BROWN, MEMBER IEEE AND DAVID L. CARLSON, MEMBER IEEE

Abstract—The frequency-dependent dielectric and mechanical losses
of PVDF and P (VDF-TrFE) films demand special consideration for
application of classical electromechanical circuit models. A method is
presented for determining the piezoelectric constants and the fre-
quency-dependent dielectric properties of the polymers from a five-
step algorithm based on analysis of air-loaded broad-band impedance
measurements. It is then shown how to account for the frequency-de-
pendent lossy properties of these films in an equivalent impedance cir-
cuit model and a modified Mason’s model. Comparisons between the
models and actual film transducers show excellent broad-band simu-
lation of both electrical input impedance and ultr pulse-echo
performance.

1. INTRODUCTION

HE PURPOSE of this research was to develop an

impedance-fit method for determining the piezoelec-
tric and dielectric properties of piezoelectric polymer
films, and to incorporate these properties into an electro-
mechanical circuit model that accurately predicts the per-
formance of ultrasound transducers. The authors were in-
volved in analyzing unique samples of piezoelectric PVDF
and P (VDF-TrFE), each manufactured under slightly dif-
ferent processing conditions. A simple method, prefera-
bly a computational procedure, was desired for determin-
ing the dielectric and piezoelectric properties of the
polymer films with sufficient accuracy to make quantita-
tive comparisons in ultrasound transducer performance.

The high dielectric and mechanical losses; and the fre-
quency-dependent dielectric, elastic, and piezoelectric
properties of these polymers demand special considera-
tion in applying classical electromechanical circuit mod-
eling techniques. The polymers have dielectric and elastic
properties with large complex components that vary with
both temperature and frequency [1]-[6].

A variety of methods has been previously reported for
determining the acoustic and dielectric properties of the
polymers based on fitting the theoretical and actual
impedance/admittance measurements of free resonators
[3], [7]1, [8]. However, insufficient details were reported
in these works to formulate a step-by-step procedure for
determining the material constants of interest. Other re-
ported methods for determining the material properties of
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PVDF and lossy reasonators include iterative methods [1],
[9] and impedance resonance methods [8], {10}.

Various approaches have been reported for accounting
for the dielectric and mechanical losses in transducer
models for a lossy resonator. Ravinet et al. [11] included
a dielectric loss resistance in their series equivalent resis-
tance-inductance-capacitance (RLC) circuit for PVDEF.
Ohigashi et al. [12] and Kimura et al. [13] accounted for
the dielectric and mechanical losses of piezoelectric
polymers in Mason’s model by including the imaginary
components of dielectric permittivity and elastic stiffness.
An intuitive approach taken by Rhyne [14] accounted for
mechanical losses in Mason’s model by adding a series
resistance to the mechanical side of the circuit.

In this paper, we first describe a method for determin-
ing the frequency-dependent dielectric properties € and
tan 8, for the polymers. We then describe a method for
determining the equivalent RLC circuit for PVDF and
P(VDE-TrFE) thickness-mode vibrators operating near
resonance. In the next section we describe our five-step
procedure for determining f, fo, Om, Vo k,, and our
method of accounting for the polymers’ lossy properties
in 2 modified Mason’s model. In the final section we in-
clude comparisons in actual pulse-echo transducer per-
formance with that predicted with our modified Mason’s
model.

II. MODELING THE FREQUENCY-DEPENDENT
DIELECTRIC LOSSES

The frequency-dependent dielectric losses of PVDF and
P(VDF-TIFE) have been reported by many investigators
[11], [15], [16]. These lossy properties play a key role in
the low-Q broad-band acoustic performance of the poly-
mers. The dielectric losses can be accounted for by mak-
ing use of the complex dielectric constant €5 = €3 (1
— jtan §,) [12], [13]. Since tan §, represents the ratio of
conduction current to displacement current in a dielectric,
another classical approach that utilizes tan §, to account
for dielectric losses is to shunt the bulk capacitance of the
film element, C,, with a dielectric loss resistance, R,,
given by

Co E33A/d
R, = 1/wC, tan 6,

where A is the film area and d is the film thickness.
Both €33 and tan 8, are frequency dependent for PVDF
and P(VDF-TtFE) and are known to vary with the

(1)
(2)
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stretching and poling conditions used [11]. It is possible
to approximate €33 and tan §, from simple electrical input
impedance measurements by making use of the fact that
at frequencies far from resonance, the input impedance is
essentially due to that of C, and R,. This impedance can
be written as

Zin = Ro//ca = Ra/(l +ijoRa)- (3)

By solving for the impedance magnitude, | Z;, |, and phase
angle, 6,, of (3) and substituting (1) and (2), expressions
for €33 and tan §, can be written as

_1/(tan (02))

tan 6, =

(4)
and
d/{|Z,| A (an? 5, + 1)'?}.  (5)

Thus, by knowing the physical dimensions of the film,
one can approximate ;3 and tan 6, from knowledge of the
input impedance at frequencies far from resonance.

We fabricated a test fixture for air-backed film samples
and, using an HP4815A RF impedance meter, acquired
input impedance measurements over a broad frequency
range that included the mechanical resonance frequency
of the samples. The impedance measurements, corrected
for stray capacitance and lead impedance, were used in a
computer program that computed €33 and tan 6, from (4)
and (5). Plots of these discrete measurements were made
for each sample and showed the same behavior character-
istic of the polymers [6], [11], [16], [17], except at fre-
quencies near resonance. By making use of the fact that
(4) and (5) are valid only at frequencies far from reso-
nance, one can obtain close approximations for €;; and
tan §, near resonance by ‘‘smoothly’’ interpolating the
program results through resonance as shown in Fig. 1.
The solid lines in the plots represent the interpolated ap-
proximations for e3; and tan 6, for a 52-u PVDF sample
(Kynar Piezo Film, Pennwalt Corporation, Valley Forge,
PA).

This procedure can be used to provide excellent first-
order approximations for e;; and tan §, for PVDF. We
later show how to further tune these approximations for
increased accuracy.

I

€33

III. SiMpPLIFIED IMPEDANCE MODEL

Fig. 2 shows the classical electrical circuit used to
model the input impedance of a lossy piezoelectric reso-
nator operating near resonance. The series resonant branch
of R, L, and C; represents the effects of series resonance
on the input impedance.

To model the electrical input impedance of air-backed
PVDF, we began by using our previously derived ap-
proximations for e;; and tan 6, to compute R, and C,.
Thus, completion of the model required derivation of the
series resonance branch. These component values may be
easily derived if the impedance of the branch, Z, is avail-
able at several frequencies near resonance. Since the pi-
ezoelectric polymers have high dielectric losses and low
kegr values (i.e., k2¢O < 1) caution must be used in mod-
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Fig. 1. Discrete points represent program results for 52-u PVDF using (1)
and (2). Continuous lines represent results after *‘smoothly’’ interpolat-
ing through resonance (23 MHz). (a) Interpolated plots of relative di-
electric permittivity, €;3. (b) Interpolated plots of dielectric loss tangent,
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Fig. 2. Equivalent circuit for lossy piezoelectric resonator near resonance.

eling Z;, as clearly noted in the IEEE standards [18]. The
frequency dependence of their dielectric, elastic, and pi-
ezoelectric properties compounds the need to exercise
care. Their low figure of merit (M < 1) is evident in their
highly damped air-loaded impedance/admittance near res-
onance, where the series and parallel resonance frequen-
cies are obscured.

To derive the series resonance components, a computer
program was used to compute Z; by removing the shunt
impedance of R, and C, from actual input impedance
measurements. The Fortran program used complex alge-
bra to: 1) convert the measured input impedance, Z;,, to
an admittance, Y;,, 2) subtract the admittance of R, in
shunt with C,, and 3) convert the remaining admittance
to the desired impedance, Z;. By analyzing Z_ near reso-
nance the components R,, L;, and C; were computed.

Series resonance, w,, can be approximated by noting
where the imaginary part of Z, j X, crosses 0. One can
thus compute L; and C; by equating the imaginary part of
Z, to the series reactance, wL, — 1/wC;, at two frequen-
cies near series resonance. This approach forces the input
impedance of the model to fit the actual measurements at
these two frequencies. To better fit the model and actual
measured impedances over a wider frequency range, L



BROWN AND CARLSON: ULTRASOUND TRANSDUCER MODELS FOR PIEZOELECTRIC POLYMER 315

and C, were instead chosen to match the slope of X, over
a frequency range symmetric about resonance. This can
be done by noting

o = 1/(L.C)" (6)
and
X,() = wL, — 1/C, (7)
thus
AX, = X,(0 + Aw) — X (@) (8)
AX, = [(o + Aw) L, — 1/(0 + Aw) C]
— [wL, — 1/wC]. (9)

By substituting (6) into (9) for L, the value of C, that
matches the slope of X;, AX;(w)/Aw, to the actual mea-
surements is

Aw 1 1
i Rt B

The slope of X, can be computed from a linear regres-
sion of the program results for X;, determined from dis-
crete measurements of Z, in the neighborhood of series
resonance, and C, then computed from (10). (6) is then
used to compute L, and the mechanical resistance, R, is
taken from a linear interpolation of the real part of Z; at
resonance (i.e., Re(Z;,) where X; = 0).

This approach was used to derive the simplified imped-
ance model for our 52-u PVDF sample. The series reso-
nance components L, (30.38 pH) and C; (1.59 pF) were
chosen to match the slope of X; to that of the actual mea-
surements over the 1-MHz frequency range symmetric
about resonance (22.9 MHz). The mechanical Q of the Z;
branch (11.3) was computed from

0, = 1/w;RC;

where
R, = 388.0 Q.

The input impedance of the completed model was com-
puted and compared with the actual impedance measure-
ments over a broad frequency range. Fig. 3 shows the
results near resonance. The simplified impedance model
results deviated less than 2 percent from the actual imped-
ance magnitude and phase measurements over a fre-
quency range of 0.5-32 MHz.

IV. CoMPLETE ELECTROMECHANICAL MODEL

Many investigators have used Mason’s classical circuit
model [19] to analyze the electromechanical behavior of
acoustic resonators [20]-[22], [25]. Persson and Hertz
[24] have shown the value in using an inverse fast Fourier
transform (FFT) on the Mason’s model transfer function
to compute pulse shapes for thickness-mode ceramic
transducers.

Mason’s model derivation was based on negligible di-
electric and mechanical losses—suitable assumptions for
dealing with most known piezoelectric materials at the

88
84,
80

(@ 76

72

68

64 ] ] ] ] ] |
19 20 21 22 23 24 25 26
FREQUENCY, MHz

IMPEDANCE MAGNITUDE, &

(b)

IMPEDANCE PHASE, deg
S
j=]

-90 | | [ L |
19 20 21 22 23 24 25 26
FREQUENCY, MHz

Fig. 3. Comparison of actual input impedance measurements and simpli-
fied model results near resonance. (a) Impedance magnitude. (b) Imped-
ance phase.

time of his now classical work. Materials with high di-
electric and mechanical losses such as PVDF cannot be
accurately analyzed with Mason’s model without modi-
fying the circuit to account for these losses. To account
for the frequency-dependent dielectric losses of PVDF,
the dielectric portion of Mason’s model can be replaced
by our previously derived shunt combination of R, and
C,. The complex elastic and piezoelectric properties of
the polymers, known to vary with both frequency and
temperature, must be taken into account for exact mod-
eling of electromechanical behavior. In our attempt to ap-
proximate their electromechanical behavior we used a fre-
quency-independent value for Q,, (i.e., 1 /tan §,) and a
real valued electromechanical transformer coefficient, ¢.
Using our methods, these values are easily determined at
resonance. To account for the high mechanical losses we
chose an approach similar to Rhyne [14]. A mechanical-
loss resistance, R,,, was added to the Mason’s model as
shown in Fig. 4.

To compute the remaining components of the circuit
requires knowledge of R,,, C,, On, Vo, and k,. By using
our algorithm, all of these parameters may be derived from
air-loaded input impedance measurements and knowledge
of the physical quantities A4, d, and p.

R, 1/(wC, tan 8,), dielectric loss resistance.

C, €334 /d, bulk capacitance.

o density.

v, sound velocity.

R, mechanical loss resistance.

Cu mechanical capacitance.

Ou 1 /wRy Cy, air-loaded mechanical Q.

Z, pv,, acoustic impedance of piezoelectric ma-
terial.

Zg pvg, acoustic impedance of electrodes.

Zr, Zg acoustic impedance of front, rear load.
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Fig. 4. Modified Mason’s model for PVDF, P(VDF-TrFE).

X1, Z,/sin (8,).

X2, Z,tan (0,/2).

6 2xfd/v.

f frequency (Hz).

¢ k[v,C,Z,/d]'/>.

k, electromechanical coupling coefficient.

Before beginning the algorithm, we use an approach
similar to that in deriving the components of the simpli-
fied impedance model. The impedance Zy, (Ry + jXu),
is computed by removing the shunt impedance of R, and
C,, and the impedance of the negative capacitance, —C,,,
from the actual input impedance measurements near res-
onance. This remaining impedance is compared to the
theoretical model’s value Zy, (Ry + jXy), where

Ry = (R, + Z/2)/¢’ (11)

and Z is the acoustic impedance of air at the front/rear
loads (neglecting the electrode layers). The remaining
model parameters are determined from the forthcoming
algorithm.

1) The parallel resonant frequency f,, is determined
from a linear interpolation of the discrete frequency
values for jX,, = 0. The acoustic velocity of the film,
vy, can then be determined from v, = 2df,.

2) The slope, A Xy (w)/Aw, is computed in the 1-MHz
frequency range symmetric about f,, and Cy is com-
puted from (10).

3) Ry is then determined from a linear interpolation of
Real {Z)} at f,.

4) The computer-generated theoretical impedance, Zy,
is then compared with Z,,, and @, is set to match
Ry, with Ry, at resonance. R,, is then determined from
(11).

5) Finally, k, is set to match the theoretical model’s
slope, A X3,(w)/Aw, with the measured value of step
(2) in the 1-MHz frequency range symmetric about

S

The algorithm can be easily implemented in a computer
program, making the component computations relatively
easy. We used this modeling approach to analyze numer-

ous PVDF and P(VDF-TrFE) film samples. For the 52
micron PVDF sample our analysis gave Oy = 11.6 and
k, = 14.6 percent at parallel resonance. In all cases our
computed values for Qy and k, were in excellent agree-
ment with the manufacturer’s specifications. Fig. 5 shows
the comparison between the input impedances of our
modified Mason’s model and the actual measurements in
the neighborhood of resonance. The model deviated less
than 1 percent from the actual impedance measurements
over a frequency range of 0.5-32 MHz.

The values for ¢33 and tan §, were derived by assuming
that at frequencies far from resonance, the input imped-
ance is essentially due to C, shunted by R,. The model
results show that this is indeed the case, however, the
mechanical portion of the model always exhibits some,
even if negligible, effect on the input impedance. Thus,
after computing the wide-band deviation of the input
impedance of the model and actual measurements, one
can ‘‘tune’’ the €33 and tan 6, values to shift the deviation
to zero, and recompute the circuit components using our
algorithm. A computer program can be used to perform
such iterations until the magnitude of the impedance de-
viations lies within the uncertainty of the actual imped-
ance measurements. The result is a model that best fits the
measured impedance values.

V. ELECTROMECHANICAL MODEL SIMULATIONS

The real value of an accurate electromechanical trans-
ducer model is not in predicting input impedance, but
rather in predicting the ultrasonic performance of a par-
ticular transducer design. We have incorporated our mod-
ified Mason’s model into a menu-driven interactive trans-
ducer design/simulation program. Under careful
experimental conditions the program provides excellent
prediction of transducer performance.

We used our modeling algorithm to analyze P(VDF-
TrFE) film (110 micron thickness, 300- A gold metallized
electrodes) and then carefully constructed broad-band test
probes with acoustically matched backings. The probes
were submersed in a scanning tank and excited by a com-
mercial pulser (Panametrics 5052PR). Pulse-echo reflec-
tions from a fused silica target in the near field (normal
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Fig. 5. Comparison of actual impedance measurements and modified Ma-
son’s model results near resonance. (a) Impedance magnitude. (b)
Impedance phase.

incidence) were digitized on a high-speed sampling sys-
tem (Le Croy 9400). The transducer-loaded input pulse
waveforms were also sampled and stored for convolution
with our model in the simulation program.

The program computes the 512-point FFT of the actual
input pulse waveform, evaluates the pulse-echo perfor-
mance of the model in the frequency domain, and finally
computes the time domain response with an inverse FFT.
The precise target distance is used to correct the results
for diffraction and reflection. Fig. 6 shows a comparison
between the actual sampled pulse—echo waveform and the
pulse waveshape predicted with the model.

It should be noted here that such good correlation in the
actual and predicted results is likely to occur only if care-
ful attention is given to accurately accounting for all
impedances of the measurement system. Since the piezo-
electric polymer films have inherently low capacitance,
the capacitance of the connecting cables and receiver must
be considered for any meaningful prediction of actual per-
formance. Equally important are accounting for the gain
and damping of the receiver, and precise normal inci-
dence focussing on the target. By measuring and account-
ing for all of these experimental considerations, our mod-
ified Mason’s model has provided excellent predictions of
PVDF and P(VDF-TIFE) probes with both voltage im-
pulse and voltage step function inputs.

VI. CoNCLUSION

A method has been presented for modeling the electro-
mechanical performance of PVDF and P(VDF-TrFE) ul-
trasound transducers. By properly accounting for the fre-
quency-dependent dielectric properties and mechanical
losses of the polymers, a modified Mason’s model can be
used to accurately predict input impedance and ultrasonic
performance. The piezoelectric constants needed for the
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Fig. 6. P(VDF-TrFE) pulse-echo waveforms from a fused silica target.
(a) Actual waveform. (b) Waveform predicted with author’s modified
Mason’s model.

modeling are found by following a five-step algorithm
based on evaluating air-loaded electrical input impedance
measurements. Our modeling technique has proven to be
especially useful in using computer simulations to assess
prototype designs for broad-band PVDF and P(VDF-
TrFE) probes.
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