Variable-thickness multilayered polyvinylidene fluoride transducer with
improved sensitivity and bandwidth for photoacoustic imaging
Lei Xi, Xiaoqi Li, and Huabei Jiang
Citation: Appl. Phys. Lett. 101, 173702 (2012); doi: 10.1063/1.4764051
View online: http://dx.doi.org/10.1063/1.4764051
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i17
Published by the American Institute of Physics.

Related Articles
Vacuum-enhanced nickel-induced crystallization of hydrogenated amorphous silicon
J. Appl. Phys. 112, 073506 (2012)
Ultrafast photoinduced mechanical strain in epitaxial BiFeO3 thin films
Appl. Phys. Lett. 101, 041902 (2012)
Opto-acoustic technique to evaluate adhesion strength of thin-film systems
AIP Advances 2, 022126 (2012)
Generation of inhomogeneous plane shear acoustic modes by laser-induced thermoelastic gratings at the
interface of transparent and opaque solids
J. Appl. Phys. 110, 123526 (2011)
Photoacoustic determination of the speed of sound in single crystal cyclotrimethylene trinitramine at acoustic
frequencies from 0.5 to 15 GHz
J. Appl. Phys. 110, 113513 (2011)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/
Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

Downloaded 06 Nov 2012 to 159.178.234.155. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

APPLIED PHYSICS LETTERS 101, 173702 (2012)

Variable-thickness multilayered polyvinylidene fluoride transducer with
improved sensitivity and bandwidth for photoacoustic imaging
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The performance of photoacoustic imaging (PAI) is critically dependent on the sensitivity and
bandwidth of the transducer. Here, we report the design and fabrication of a polyvinylidene fluoride
ultrasonic transducer with variable-thickness layers that demonstrates significantly improved
sensitivity and bandwidth. We show that the multilayered transducer provides more than 2-fold
increase in sensitivity and more than 65% improvement in bandwidth compared with the conventional
single-layer transducer. Photoacoustic imaging of mouse brain with the intact skull and scalp is
conducted to demonstrate the power of the multilayered transducer for resolving brain structure in an
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764051]
in vivo setting. V

Photoacoustic imaging (PAI), also termed optoacoustic
or thermoacoustic imaging, is a promising technology owning the merits from both light and ultrasound.1,2 PAI has
found wide biomedical applications including tumor detection,3 arthritis diagnosis,4 vascular visualization,5 and molecular imaging.6 In PAI, the ultrasound transducer is a critical
component as it receives the wide-band acoustic waves generated in tissue by the pulsed laser. The sensitivity of transducer determines largely the signal-to-noise ratio (SNR),
while its bandwidth defines the resolution.
Transducers currently used for PAI are largely based on
three types of piezoelectric materials including piezoelectric
ceramics (PZT), single crystal (PMN-PT), and polyvinylidene fluoride (PVDF). Among these materials, PVDF owns
some advantages. PVDF has a high mechanical damping
ability and an unique permittivity, resulting in a high bandwidth. In addition, the acoustic impedance (Z0) of PVDF is
2.7 MRays, which is much lower than that of PZT (>30
MRays). Hence, it provides a good coupling efficiency to
human tissue or commonly used ultrasound gels. PVDF is
flexible and can be easily fabricated in convex shapes replacing the acoustic lens commonly used in PZT or PMN-PT.
We note, however, that the sensitivity of the PVDF transducers currently used for PAI is not comparable to the PZT
and PMN-PT based transducers,7–9 leading to limited SNR
especially when targets are deeply located within tissues. In
order to improve the sensitivity of the PVDF transducers,
several transducer designs based on the same-thickness
PVDF layers including folded transducer (FT), Barker coded
transducer (BCT), and switchable Barker coded transducer
(SBCT) have been suggested in the field of ultrasound imaging.10–13 While the sensitivity is improved, there is no significant improvement in bandwidth from these designs. Here,
we propose a design of PVDF transducer with variablethickness layers to provide improvement in both the sensitivity and bandwidth for photoacoustic imaging.
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The design of our multilayered transducer is shown in
Fig. 1(a) where the PVDF films (metallized film sheets, measurement specialties) having three different thicknesses
(28 lm, 52 lm, and 110 lm) are sandwiched by electrodes.
The fabrication procedure of this transducer is as follows:
(1) shaping the lateral dimension of the three PVDF films to
be 10 mm  3 mm; (2) removing the unneeded silver coating
from both sides of each film to ensure electric insulation
between the positive and negative electrodes; (3) stacking/
gluing the films/backing material together using ultrasound
transparent epoxy (EPO-TEK 301-2, Epoxy Technology);
(4) connecting coaxial cables to the electrodes using silver
epoxy (E-solder 3022. VonRoll USA, Inc.); and (5) sealing
the whole transducer with ultrasound transparent epoxy.
The multilayered transducer fabricated is tested using a
circular scanning photoacoustic imaging system (Fig. 1(b)).
A light beam generated from a pulsed Nd:YAG laser
(532 nm) was redirected through the center of the rotator
and expanded by a lens to illuminate an imaging area of
6.25 cm2. A two-dimensional linear stage (NLS4 Series,
Newmark Systems) was used to optimize the position of
transducer. A water-tank with a through hole in the bottom
sealed with transparent membrane was used to provide coupling for ultrasound transmission. The signal received by the
PVDF transducer was amplified by two low-noise amplifiers
and digitalized/stored by a data acquisition card at 50 MHz
sampling rate. A pulse/echo test system (Fig. 1(c)) was used
to evaluate the bandwidth of the multilayered transducer.
The transducer was driven by a pulser/receiver (5073PR,
Panametrics-NDT), and a piece of metal with a thickness of
5 mm was placed in front of the transducer to act as a reflector. The reflected pulse was received by the transducer,
amplified by the internal amplifier of the pulser/receiver, and
recorded using an oscilloscope.
Before the performance evaluation and in vivo experiments, the transducer was calibrated through an experiment
with a hair embedded solid phantom. The solid phantom was
a mixture of intralipid (scatter), India ink (absorber), and 2%
agar powder (solidifier). The absorption and reduced scattering coefficients of the phantom were 0.007 mm1 and
1.0 mm1. A human hair was inserted in the solid phantom,
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FIG. 1. (a) Configuration of the multilayered
PVDF transducer. (b) Schematic of the
circular-scanning based photoacoutic imaging
system. (c) Schematic of the pulse/echo evaluation system.

which was illuminated by the light beam. Figs. 2(a)–2(c)
show the acoustic signals from different layers of the transducer where we note a time shift between these signals,
caused by the different distance of these three layers from
the target. Hence, calibration of this time shift is needed
before further evaluating the performance of the transducer.
Assuming that the arrival times of the signals are T1, T2,
and T3 for the layers of 28, 52, and 110 lm, respectively,
and setting the arrival time for the 28 lm-thick layer as the
baseline, we can then calculate the time shift of the other
two layers relative to T1 by the following relationships:
Dt1 ¼ T2  T1;

(1)

Dt2 ¼ T3  T1:

(2)

Thus, the photoacoustic (PA) signal from the multilayered transducer can be obtained as
PAðtÞ ¼ PA28lm ðtÞ  P1 þ PA52lm ðt  Dt1 Þ  P2
þ PA110lm ðt  Dt2 Þ  P3;

(3)

where P1, P2, and P3 are the phase of the PA signals which
are 1, 1, and 1 in our case for the 28 lm, 53 lm, and
110 lmthick layer, respectively. Fig. 2(d) shows the calibrated signal (red dashed line) and non-calibrated signal
(blue dashed line). We see that the SNR of the calibrated

signal is improved significantly (by 2.5 times) compared
with that without the calibration.
Figs. 3(b)–3(d) show the frequency characteristics by
fast Fourier transforming the reflected acoustic waves
detected by each of the three layers using the pulse/echo system (Fig. 1(c)). For the 110 lm, 52 lm, and 28 lmthick
single-layer transducer, the central frequency and the bandwidth (6 dB level) are, respectively, 5 MHz/85%, 10 MHz/
78%, and 15 MHz/59%, while the central frequency of the
multilayered transducer is 10 MHz and the 6 dB level
bandwidth is improved to be 140%, as shown in Fig. 3(a).
In vivo animal experiments were performed to evaluate
the merits of the improved bandwidth and sensitivity for
photoacoustic imaging. The brain of adult BALB/C mice
(25 g) was imaged. Before imaging, the hair was removed
with a hair remover lotion. The mice were anesthetized by a
mixture of Ketamine (85 mg/kg) and Xylazine during the
imaging and were sacrificed afterwards using the University
of Florida Institutional Animal Care and Use Committee
(IACUC)-approved techniques. The laser beam provided an
incident energy density of 9 mJ/cm2 at the skin of the mice,
which is much lower than the safety standard provided by
ANSI (20 mJ/cm2 at 532 nm). For each imaging experiment,
we collected PA signals at 120 positions by scanning the
transducer around the mouse brain with a scanning step of
3 . The PA image was reconstructed by a delay and sum
algorithm.14

FIG. 2. Photoacoustic signals of the 28 lm
(a), 52 lm (b), and 110 lmthick (c) layer
transducer from a hair. (d) Photoacoustic signals with (red) and without (blue) the
calibration.
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FIG. 3. Frequency response of the multilayered
PVDF transducer (a), 110 lmthick layer
PVDF transducer (b), 52 lmthick layer PVDF
transducer (c), and 28 lm-thick layer PVDF
transducer (d).

Fig. 4(a) shows a typical signal from in vivo mouse brain
measured by the multilayered transducer without (top panel)
and with (bottom panel) calibration. Without the calibration,
the SNR is low and the image formed with such signals has
relatively poor quality. As we see from Fig. 4(b) (left), in
such case, some blood vessels inside the brain are not visualized and almost every blood vessel imaged is not continuous,
as compared to the photograph of the brain after removal of
the scalp (Fig. 4(b) (right)). With the calibration, the SNR is
significantly improved as shown in the bottom panel of

FIG. 4. (a) In vivo phtoacoustic (PA) signals from the multilayered transducer with (bottom panel) and without (top panel) calibration. (b) Reconstructed brain images using PA signals without (left panel) and with (middle
panel) calibration. Photograph of the brain after the removal of the scalp
(right panel).

Fig. 4(a). From the image formed with the calibration
(Fig. 4(b)) (middle), we see that the eyes, blood vessels, and
other tissues are identified clearly in comparison with the
photograph.
In a separated in vivo experiment, we compared the sensitivity of the multilayered transducer with the single-layer
transducers and the PA images obtained are presented in
Fig. 5. We immediately note the clearly higher SNR shown
by the image using the multilayered transducer (Fig. 5(a))
compared to that using the single-layer transducer
(Figs. 5(b)–5(d)). In particular, we can identify the tissues,
organs, and blood vessels inside the brain from Fig. 5(a)
much more clearly than that from Figs. 5(b)–5(d) as indicated by red arrows.

FIG. 5. In vivo photoacoutic imaging of mouse brain using the multilayered
transducer (a) and single-layer transducer (b: 110 lmthick; c: 52 lm
thick; and d: 28 lmthick).
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We have shown that the design of variable-thickness multilayered PVDF transducer provides significant improvement
in both the sensitivity and bandwidth compared to the conventional single-layer transducer or commercial hydrophone.
However, we note several limitations associated with the current design, which should be overcome in future. First, the
sensitivity of the current multilayered transducer is still not
comparable with that of a commercial PZT unit. This, however, can be overcome by stacking more layers (>3) together
to make a more sensitive transducer. Second, the PVDF films
used in the current work are commercial units with electrodes
on both sides of each film. After stacking them together, there
are two layers of electrodes between two adjacent films. As a
result, the improvement of the sensitivity is not linearly proportional to the number of the layers stacked due to the attenuation from the electrodes. This problem can be solved by
using raw film liquid, which will allow us to use only one
much thinner electrode (just a few lm) between two adjacent
films during depositing the films. Third, no matching layer
and electromagnetic shield (EMS) housing were used in the
current design. Hence, we had to average 50 times on the signals collected to reduce the electromagnetic noise, resulting in
a relatively long data acquisition time.
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