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This paper presents a model suitable to design and characterize broadband thin film sensors based
on piezoelectric polymers. The aim is to describe adequately the sensor behavior, with a reasonable
number of parameters and based on well-known physical equations. The mechanical variables are
described by an acoustic transmission line. The electrical behavior is described by the quasi-static
approximation, given the large difference between the velocities of propagation of the electrical and
mechanical disturbances. The line parameters include the effects of the elastic and electrical prop-
erties of the material. The model was validated with measurements of a poly(vinylidene flouride)
sensor designed for short-pulse detection. The model variables were calculated from the properties
of the polymer at frequencies between 100 Hz and 30 MHz and at temperatures between 283 K and
313 K, a relevant range for applications in biology and medicine. The simulations agree very well with
the experimental data, predicting satisfactorily the influence of temperature and the dielectric prop-
erties of the polymer on the behavior of the sensor. Conversely, the model allowed the calculation
of the material dielectric properties from the measured response of the sensor, with good agreement
with the published values. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901966]

I. INTRODUCTION

Broadband sensors are a key element in many ultrasonic
systems for applications such as imaging and materials char-
acterization. The design of broadband sensors differs signifi-
cantly from that of resonant devices since it requires the mod-
eling of wave propagation in the sensor material, including
explicitly its interaction with the surrounding media. It is also
necessary to take into account the dependence of materials
properties on frequency and, in many applications, also on
temperature.

The detailed knowledge of the properties and behavior
of piezoelectric polymers is a requisite for an efficient imple-
mentation of sensors and systems based on these materials. In
particular, the effect of dielectric and mechanical relaxation
processes has a strong impact on the performance of polymer-
based sensors. From the design perspective, it is advantageous
to have a comprehensive model to predict the performance of
a sensor considering all the previously indicated aspects. A
number of papers have been published in this context, but the
majority of the models are only applicable within a narrow
frequency range, close to the mechanical resonances of the
devices.1–5 Therefore, the usefulness of those models as de-
sign tools for broadband sensors is limited.

Poly(vinylidene flouride) (PVDF) and its copolymers
are, at present, of great interest since are flexible, available
as thin films and have large acoustic bandwidth. Moreover,
their acoustic impedance, within the frequency range of inter-
est, is close to that of water or living tissue.6 These properties

a)Author to whom correspondence should be addressed. Electronic mail:
mggonza@fi.uba.ar

make them useful for biomedical applications, since their ad-
vantages outweigh the larger dielectric and mechanical losses,
as well as the relatively low piezoelectric coefficient of these
materials.

This paper presents a model suitable to design and char-
acterize broadband thin film sensors based on piezoelectric
polymers. The treatment aims at a balance between com-
plexity and completeness, thus describing adequately the sen-
sor behavior, with a reasonable number of parameters and
based on well-known physical equations. The electromechan-
ical variables are described by an acoustic transmission line.
The line parameters were calculated from measured values of
the material properties (including losses and piezoelectric ef-
fects) in the frequency and temperature ranges of interest. The
model was validated with measurements of a PVDF-based
sensor for the detection of short pulses generated by a Q-
switched laser, such as those found in the characterization of
complex fluids by photoacoustic techniques.7, 8

II. PROPAGATION MODEL IN A PIEZOELECTRIC
POLYMER

In the present model, it is assumed that one-dimensional
(1-D) pressure waves (forward and backward) propagate in
the poling direction of a piezoelectric thin film indicated as
the reference axis 3 or z (see Fig. 1). In the quasi-static
approximation (considering that the film thickness is much
smaller than the wavelength in the material), a piezoelectric
film can be treated as a two-port network made of discrete
circuit elements. This network relates electrical quantities at
one port to mechanical quantities at the other. Close to the me-
chanical resonances, when the thickness of the film is near a
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FIG. 1. Geometry of the propagation model.

half wavelength (acoustic) in the polymer, the low frequency
lumped model is no longer valid. To extend the range of appli-
cability of the mechanical model beyond the quasi-static ap-
proximation, the piezoelectric polymer can be modeled with
distributed parameters, as in an electrical transmission line.
On the other hand, from the electrical point of view, the quasi-
static description is still appropriate given the enormous dif-
ference between the velocities of propagation of the electrical
and mechanical disturbances.

In the 1-D treatment of a continuous medium by a trans-
mission line model, the variables are constant in the planes
perpendicular to the wave propagation direction, but not along
it.9, 10 Therefore, the sound pressure and volume velocity field
are written as p(z,t) and u(z,t), respectively. In consequence,
the transmission line model can be treated using the “telegra-
pher’s equations” in a manner analogous to a lossy electrical
transmission line. Then, the line is discretized as a sequence
or cascade of two-port network of length dz. Assuming a har-
monic time dependence

p(z, t) = P (z, ω) · exp(jωt), (1)

u(z, t) = U (z, ω) · exp(jωt). (2)

From the well-known analogies between voltage and sound
pressure, and electrical current and volume velocity, the equa-
tions in the frequency domain are9, 10

dP (z, ω)

dz
+ j · ω · L∗

z (ω) · U (z, ω) = 0, (3)

dU (z, ω)

dz
+ j · ω · C∗

z (ω) · P (z, ω) = 0, (4)

where j is the imaginary unit, Lz
∗ and Cz

∗ are the complex in-
ductance and capacitance per unit length of the transmission
line, respectively. These complex parameters include the dis-
sipative processes, usually modeled as a series resistance and
parallel conductance. In what follows, the frequency depen-
dence will be assumed and will not be indicated explicitly.

Given the electromechanical coupling originated by the
piezoelectric effect, Cz

∗ must include both the effects of the
elastic properties of the material and the mechanical equiv-
alent of the electrical properties. Since we consider a non-
magnetic material, Lz

∗ includes only the mechanical proper-
ties (see Fig. 2).

FIG. 2. (a) Unit element of the transmission line. (b) Under quasi-static ap-
proximation of the electrical variables. φEM is the turn ratio of the ideal trans-
former linking electrical to mechanical sides of the network.

The line mechanical parameters can be determined by9

L∗
z = ρ

A
, (5)

C∗
z = A

ρ · v2
, (6)

where v is the complex sound velocity of the material, and ρ

and A are the density and area of the film, respectively. The
sound velocity can be written in terms of the intensive param-
eters of the piezoelectric material, assumed to be at constant
temperature

v =
√

cD
33

ρ
, (7)

cD
33 = d2

33

s2
33 · εF

33

+ 1

s33

, (8)

where d33 is the piezoelectric coefficient, s33 is the elastic
compliance at constant electric field, and εF

33 is the complex
permittivity at zero stress condition. The complex permittivity
at zero strain condition, ε33

B, can be related to ε33
F by

εB
33 = εF

33 − d2
33

s33

. (9)

It is important to remark that the dependence of the materials
properties on temperature, T, is not explicitly written in the
previous equations, but it must be taken into account in the
modeling.

In this work, we suppose that the polarization instan-
taneously follows the mechanical deformation. This can be
justified by noting that the total piezoelectric effect due to
deformation can be written as a sum of two terms of different
origins: (i) volume change and (ii) reorientation of the ele-
mentary dipoles of the crystalline phase. Although we cannot
exclude a priori the existence of a delay between deformation
and dipole reorientation in the crystalline phase, according to
the work of Broadhurst et al.11 the effect of volume change
is clearly predominant in the PVDF, as is the case in most
piezoelectric polymers. Hence, there is no serious error if the
reorientation delay is neglected. Therefore, from (9) it follows
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that the difference between the free and blocked permittivities
is proportional to the elastic compliance, i.e., d33 is propor-
tional to s33,

d33 = σ33 · s33, (10)

where σ 33 is the equivalent surface charge density of remnant
polarization and under this model is a real number, within the
relevant frequency range.

Using (9), (10), (6), and (8) can be rewritten as
follows:

cD
33 = σ 2

33 ·
[

1

εF
33 − εB

33

+ 1

εF
33

]
, (11)

C∗
z = A

σ 2
33 ·

[
1

εF
33 − εB

33

+ 1

εF
33

] . (12)

Using (12) the complex equivalent capacitance can be calcu-
lated from measurable parameters. It must be kept in mind
that the parameters of the electrical and mechanical spectra
depend on temperature.

Given that the electrical variables are treated used the
quasi-static approximation, the instantaneous charge gener-
ated on the surface of the film is calculated as proportional
to the integral of the pressure along the z axis (direction of
propagation and poling direction),

qP (t) ∝
δ∫

0

p(z, t) · dz, (13)

where δ is the thickness of the film. It must be remarked that
the output current of the sensor is given by dqp(t)/dt.

III. EXPERIMENTAL

A sensor made of a thin film piezoelectric polymer, en-
capsulated in a standard BNC connector was implemented,
following the design in Schmid et al.12 This sensor was at-
tached to a spectroscopy-quality quartz cuvette. It is impor-
tant to note that this design has been used successfully to
characterize complex liquid samples.7, 8, 13 The complete ex-
perimental setup is shown in Fig. 3. A Nd:YAG laser with a
second harmonic generator (Continuum Minilite I, 520 nm,
5 ns, 10 Hz) was used to generate a pressure signal on the
silver paint layer that adheres the piezoelectric film to the
cuvette. To amplify the signal generated by the sensor, a

transimpedance amplifier (Femto HCA-100M-50K-C) was
used. The amplifier output was digitized by an oscilloscope
(Tektronix TDS 2024, 2 GS/s, 200 MHz) and processed on
a personal computer. The oscilloscope trigger signal was ob-
tained from the Q-switch pulse.

A sample of the main laser beam was taken by a beam-
splitter to measure the laser pulse energy with a pyroelectric
detector (Coherent LMP10). Also, a diverging lens was used
to uniformly illuminate the surface of the sensor. The cuvette
was filled with deionized water; and its temperature was mon-
itored using a calibrated thermocouple. In this way, the sensor
can be characterized under realistic operating conditions, at
different temperatures.

It is important to remark that the frequency response of
the amplifier was determined independently using a network
analyzer at frequencies up to 200 MHz. In this way, its effect
on the digitalized signal was considered. The frequency re-
sponse fits very well to a second order transfer with constants
K = 49.2 kV/A, ω0 = 628.3 M/s, and Q0 = 0.34,

TA(j · ω) = K · ω2
0

ω2 + j · ω · ω0/Q0 + ω2
0

. (14)

The sensor was implemented using PVDF (PIEZOTECH
CORP) with a thickness of 25 μm, metalized on both sides,
cut as a disk 6 mm in diameter. As it was indicated in a pre-
vious work,14 the electric response of PVDF can be described
by a Havriliak-Negami function.15 At frequencies above 1
MHz, the permittivity is dominated by a relaxation process
whose characteristic time presents an exponential dependency
with temperature (Arrhenius).16

IV. NUMERICAL IMPLEMENTATION

Fig. 4 shows the simplified model of the device described
in Sec. III. The transducer is represented by three layers:
(1) quartz, (2) silver paint, and (3) PVDF film. The initial time
condition is defined by a Gaussian pressure pulse in layer 2
(silver paint), following the measured laser time profile:

pin(t) = p0 · exp
(−t2/0.36 · τ 2

F

)
, (15)

where τF is the measured full width at half maximum. For the
laser used in this work, τF ≈ 5 ns.

The transition between the rear face of the PVDF and air
is considered as a total reflection, given the huge difference
between their respective acoustic impedances. Therefore, the

FIG. 3. Experimental setup.
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FIG. 4. Scheme of the numerical implementation of the propagation model
in a piezoelectric transducer.

boundary conditions are zero both for the pressure (Dirich-
let condition) and the volume velocity (Neumann condition).
Since the thickness of the quartz is very large compared to
the spatial extent of the travelling pulse, the quartz layer can
be considered as a semi-infinite medium at all the frequencies
of interest. In fact, the backward pulse reflected from quartz-
water interface can be neglected because it is delayed out of
the time frame of the analysis.

It is considered that the mechanical properties of layers 1
(ρ1 = 2200 kg/m3, v1 = 5900 m/s) and 2 (ρ2 = 6500 kg/m3,
v2 = 2550 m/s) do not depend on the frequency and they are
substantially constant within the temperature range studied in
this work. Also, the values of ρ3 y σ 33 used in the model
were taken as constants, 1780 kg/m3 and 7.7 μC/cm2,17 re-
spectively. In consequence, Lz

∗ is a constant independent of
the frequency.

The transmission line parameters are determined, in the
frequency domain, from the dielectric spectra in the free (zero
stress) and blocked (zero strain) conditions using (12). How-
ever, the measured sensor response to a pulsed excitation is
obtained in the time domain. Therefore, the general solution
involves transforming the input signal to the sensor, pin (t), to
the frequency domain, solving the propagation in the trans-
mission line and then, anti-transforming to have the response
in the time domain. This can be a computationally expensive
task.

In this work, we propose a computationally simpler so-
lution in which the line parameters used in the simulation are
averaged values in the frequency band 	ω where the pulse
has appreciable energy. This is an adequate approximation for
applications that involve pulses of width ∼1/	ω. Therefore,
the effective complex capacitance C̃z is calculated from the
averaged complex permittivities 〈ε33

F (T)〉 and 〈ε33
B (T)〉,

〈ε33F,B (T )〉 =

	ω∫
0

ε33F,B (ω, T ) · |Pin(ω)| · dω

	ω∫
0

|Pin(ω)| · dω

. (16)

Once C̃z is determined at a given temperature, the spatial evo-
lution is solved numerically by the finite element method.
Furthermore, for time evolution, the Crank-Nicholson finite
difference scheme was used. The current at the input of the
transimpedance amplifier i(t) is obtained as the time derivative
of the charge qp(t), determined from (13). The output voltage
V(t) is calculated as a function of time taking into account the
frequency response of the amplifier, Eq. (14).

The numerical simulations were carried out with a pro-
gram developed in the OCTAVE environment. The parame-
ters adopted in the finite element method were 1001 nodes
with a uniform mesh, giving a spatial resolution of 0.5 μm,
and time steps of 0.05 ns.

V. RESULTS AND DISCUSSION

Experimental results were obtained at temperatures be-
tween 283 K and 313 K. This range was selected for two rea-
sons: (a) it is particular important for applications in biol-
ogy and medicine, and (b) the lower temperature studied is
significantly above the glass transition of PVDF. In connec-
tion with this, it must be remarked that the application of this
model near the glass transition of the polymer requires further
study. On the other hand, the experimental temperature range
is wide enough to show clearly the influence of temperature
on the sensor response. This is not surprising given the value
of the activation energy of the Arrhenius process that controls
the dielectric relaxation of PVDF in the frequency range of
interest.14

An example of the results of the simulation is shown in
Fig. 5. The temporal evolutions of the pressure at three z val-
ues, as well as the charge on the electrodes, are plotted. It is
worth mentioning that the pressure pulse is markedly attenu-
ated due to the electromechanical coupling with the material
losses. Therefore, the reflected wave at the back of the sensor
is almost negligible. The sign change in the pressure wave-
form reflects the elastic response of the material.

Since the transit time of the pressure pulse in the film
(∼δ/v) is longer than τF, qP (t) differs from pin (t). This

FIG. 5. Normalized pressure at three different positions inside the film
(dashed curves). Normalized charge qP: measured (open circles) and sim-
ulated (solid curve). T = 304 K.
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FIG. 6. Signals measured by the sensor at four temperatures.

emphasizes the fact that the mechanical variables must be cal-
culated from a distributed model.

The output signals of the amplifier for the setup of
Fig. 3 at different temperatures are plotted in Fig. 6. The plots
clearly show the effects of temperature on the sensor per-
formance. As indicated above, this was expected, given the
change of PVDF properties with temperature. In particular,
the Arrhenius dependence of the relaxation time14 originates
a noticeable modification of the time-domain response. This
is a feature often overlooked in previous published models of
PVDF transducers.1–5

In the first set of numerical simulations, the dielectric
spectra of PVDF reported in Ref. 14 were used in (12) and
(16) to calculate the effective complex capacitance C̃z at dif-
ferent temperatures. Figs. 7 and 8 show the experimental data
and the simulations results for the first 65 ns after the excita-
tion pulse. The simulations agree closely with the measured
signals; confirming that it is possible to predict the behavior

FIG. 7. Comparison between measured and simulated transducer signal.

FIG. 8. Comparison between measured and simulated transducer signal.

of the sensor directly from the dielectric spectra of the piezo-
electric polymer. The simulations describe well the effects of
the acoustic reflections at the interfaces and the attenuation
originated by the losses in PVDF.

From the digitized amplifier output and its electrical
transfer function it is possible to compute qP(t) (see Fig. 5).

To validate the model, a second set of simulation was
carried out assuming that the dielectric spectra ε33

F and ε33
B

were unknown. Therefore, C̃z was taken as a free parameter,
in order to fit the observed signals. The results of both sets of
simulations are plotted in Fig. 9. The graph shows the imagi-
nary part of C̃z (that represents the average losses of the ma-
terial) as a function of temperature, normalized to the value at
303 K. The good agreement between the fitting and the cal-
culations shows that it is possible to fit the parameters of the
model from the response to a known excitation.

FIG. 9. Normalized imaginary part of the averaged complex capacitance as
a function of transducer temperature. Im{C̃

z
(303 K)} = 27.5 μm4/N.
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VI. CONCLUSIONS

This work presents a model of sensors based on thin film
piezoelectric polymers, adequate for design, and character-
ization properties. Acoustic propagation is described by an
equivalent transmission line model. The dependence of the
electrical and mechanical material properties on frequency
and temperature is explicitly included.

The model was validated at different temperatures, by
measurements in a PVDF-based sensor for short-pulse de-
tection. The results agree very well with the experimental
data, predicting satisfactorily the influence of temperature
and acoustic impedance mismatches on the transducer per-
formance. Moreover, by taking into account the losses in the
polymer, it is possible to optimize the design, minimizing the
effects of acoustic reflections.

In conclusion, the model predicts accurately the behavior
of the sensor from the material properties. Conversely, by fit-
ting the parameters of the model to the response to a known
excitation, the properties of the polymer can be obtained.
This is useful when the sensor material has not been fully
characterized.
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