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Acoustic Stack for Combined Intravascular
Ultrasound and Photoacoustic Imaging

Antonio López-Marín , Member, IEEE, Verya Daeichin, Member, IEEE, Andres Hunt ,
Geert Springeling , Robert Beurskens , Antonius F. W. van der Steen , Fellow, IEEE,

and Gijs van Soest

Abstract—Multimodal intravascular ultrasound and
photoacoustic (IVUS/PA) imaging is a promising diagnos-
tic tool for cardiovascular diseases like atherosclerosis.
IVUS/PA catheters typically require two independent
transducers due to different frequency requirements,
potentially increasing the catheter size. To facilitate
multimodal imaging within conventional catheter dimen-
sions, we designed, fabricated, and characterized a
dual-transducer acoustic stack where a low-frequency
(LF) PA receiver sits as a matching layer for the high-
frequency (HF) US transducer. While the HF transducer
operates around 50 MHz, the LF receiver targets frequen-
cies below 15 MHz to capture most of the PA energy
from atherosclerotic plaque lipids. Simulation results
reveal that this configuration could increase the sensi-
tivity of the HF transducer by 3.54 dB while maintaining
bandwidth. Phantom experiments with fabricated stacks
showed improved performance for the US transducer,
validating the enhanced sensitivity and bandwidth. Fol-
lowing improvements in stack fabrication, the proposed
acoustic stack is a viable design that can significantly
enhance diagnostic accuracy for atherosclerosis, pro-
viding high-resolution, multifrequency imaging within a
compact catheter form factor.

Index Terms— Catheters, manufacturing, numerical simulation, photoacoustic (PA) imaging, transducers,
ultrasound.
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I. INTRODUCTION

CARDIOVASCULAR diseases, particularly coronary
atherosclerosis, are the leading cause of mortality world-

wide [1]. Atherosclerosis now impacts younger and more
diverse populations worldwide, with studies highlighting the
impact of inflammation, genetics, and lifestyle factors such as
sleep, physical activity, and stress [2]. Intravascular ultrasound
(IVUS) is an established technology used for image guidance
during percutaneous coronary intervention (PCI), a proce-
dure used to diagnose and treat coronary artery disease. The
combination of IVUS and intravascular photoacoustic (IVPA)
imaging is a hybrid modality that has emerged as a promising
alternative for detecting and characterizing atherosclerotic
plaques [3]. Photoacoustic (PA) imaging uses pulsed light
to excite optically absorbing materials to generate an ultra-
sonic response. While IVUS provides anatomical volumetric
imagery of the artery, IVPA provides chemical-specific optical
information about the components inside the plaque, which
is accessible by a judicious choice of near-infrared excita-
tion wavelengths. At these wavelengths, the absorption from
plaque components is greater than from surrounding tissue
and blood, governed by water, thus providing sufficient optical
contrast [4]. Previous research demonstrated that the PA signal

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-7936-4525
https://orcid.org/0000-0001-5350-7719
https://orcid.org/0009-0003-9511-9716
https://orcid.org/0009-0004-6572-3063
https://orcid.org/0000-0002-8045-7363
https://orcid.org/0000-0001-6474-3100


78 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 72, NO. 1, JANUARY 2025

Highlights
• A vertically stacked dual-transducer configuration enables multimodal IVUS/PA imaging while minimizing probe tip

size, which is essential for catheter deliverability.

• Simulations and experiments demonstrate an intravascular-compatible configuration where PVDF-TrFE can func-
tion both as a LF receiver and a matching layer, enhancing the performance of the HF transducer.

• This acoustic stack design can accelerate clinical translation of IVPA imaging and potentially improve atherosclero-
sis diagnosis by providing high-resolution, multifrequency imaging in a compact form.

frequency inversely correlates with the size of absorbing
structures [5], and the bulk of the PA energy content from
human coronary plaques lies between frequencies of 2 and
15 MHz [6].

Several combined intravascular ultrasound and photoa-
coustic (IVUS/PA) catheter concepts have been presented
previously, employing various methods to capture PA signals.
The most common approach is to use one piezoelectric trans-
ducer for IVUS and IVPA imaging [7], [8], [9], [10], [11],
[12], [13], [14], [15], a simple solution that only necessitates
aligning the optical beam from a fiber to the ultrasound
field of view. More complex designs used a ring transducer
that ensured collinear acquisition of US and PA signals by
fitting a fiber through the transducer’s central hole [16], [17],
[18]. Alternative IVPA catheters rely on an optical ultrasound
detection approach using optical resonators like micro-ring
resonators (MRRs) [19], [20], or Fabry-Perot cavities [21],
[22]. However, these solutions add to the complexity of
the catheter fabrication compared to piezoelectric transducers
solutions.

IVUS piezoelectric transducers typically have center fre-
quencies between 40 and 60 MHz, favoring high frequency
for increased pulse-echo resolution but resulting in suboptimal
sensitivity to the lower frequencies in the PA signal. A PA
receiver covering a wide frequency range of 2–15 MHz
would provide high PA sensitivity in atherosclerotic plaque
imaging. Multitransducer configurations have been proposed
to enhance resolution and viewing depth [23], as well as
sensitivity to the PA signal, by adding a second transducer
with a center frequency of 23 MHz [24]. We previously
demonstrated a receiver based on a PVDF sensor and a
miniature low-noise amplifier to target PA detection in the
2–15 MHz frequency range [25]. A dual-transducer IVUS/PA
catheter using this receiver along a high-frequency (HF)
transducer would improve IVPA sensitivity while maintaining
IVUS resolution. Configurations featuring multiple transducers
have also been implemented in IVUS catheters [26], [27],
[28], [29]. However, space comes at a premium in coronary
catheters, which have a practical upper limit for the outer
diameter of <1 mm, while the rigid length of the tip should
be minimized to maintain the deliverability of the catheter.
Including an extra transducer can increase the catheter tip size
beyond these practical limits.

Here, we propose a vertically stacked configuration that
accommodates a HF transducer for IVUS imaging and a low-
frequency (LF) transducer working as a PA receiver. The use
of a piezoelectric polymer for the LF transducer renders it

transparent to the signals being transmitted from and received
by the HF transducer, which has a higher acoustic impedance.
Thus, the LF transducer also acts as a matching layer for the
IVUS element in this configuration. Designs featuring stacked
transducers have already been proposed for simultaneous ther-
apy and monitoring with ultrasound contrast agents [30], [31],
[32]. Previous designs have also demonstrated the viability
of fabricating miniaturized stacks with matching layers in the
order of 10 µm [33], [34]. In this work, we developed a com-
pact dual-transducer acoustic stack to deliver co-registered PA
and US images, intended for use in an intravascular catheter.
The acoustic performance of the hybrid stack was simulated
to identify optimal manufacturing parameters. Following fabri-
cation, the stack samples were characterized through phantom
experiments. These initial results indicate that the proposed
design holds promise for developing an improved diagnostic
catheter for IVUS/PA imaging applications.

II. MATERIALS AND METHODS

A. Stack Design
The main components of the dual-transducer stack are the

HF transducer and the LF receiver. The HF element is a
1–3 PMN-PT/epoxy piezocomposite (CTS Corporation, Lisle,
IL, USA) with a mechanical resonance frequency fR around
50 MHz, 60% crystal volume fraction, coupling coefficient
kt > 0.7, and 25-µm thickness. The element lies on a 300-µm
conductive epoxy-backing layer with a top electrode, and
it has an active area of 533 × 432 µm. The LF receiver
element consists of poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE). As previously demonstrated [25], this PA
receiver uses an external application-specific integrated circuit
(ASIC) to match the impedance between the polymer and the
connecting cable and amplify the captured PA signals in the
2–15 MHz range. Within this frequency range, the receiver is
sensitive enough to detect pressures down to 30 Pa and can
amplify incoming PA signals up to 18.4 dB, with an output
noise level of 259 µVRMS across its entire bandwidth.

Fig. 1 shows the initial acoustic stack design, including the
concept for integration into a future imaging catheter. At the
top of the stack, a PVDF-TrFE layer acts as a transducer and a
matching layer for the underlying piezocomposite transducer.
A conductive glue layer sits between these transducers to
provide mechanical and electrical bonding as a common
ground electrode. We chose silver-loaded epoxy for this layer
due to its availability and potential manufacturability. The
stack configuration allows the piezocomposite to be connected



LÓPEZ-MARÍN et al.: ACOUSTIC STACK FOR COMBINED INTRAVASCULAR ULTRASOUND AND PA IMAGING 79

Fig. 1. (a) Diagram of the proposed acoustic stack sitting in the tip of a combined IVUS/PA catheter. (b) Schematic of the top section of the acoustic
stack and the interface between its layers. Catheter and stack dimensions are not depicted to scale.

via the conductive backing while enabling access to the
PVDF-TrFE transducer through an electrode on the top of the
stack.

Model simulations can be performed to evaluate the design,
and they will require determining specific layer parameters
that are unknown beforehand. A 1-D model is helpful to run
a large number of iterations. For this case, the 1–3 piezocom-
posite should be replaced with a single-phase material whose
effective parameters can be determined using the following
equations [35]:
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where vc is the crystal volume fraction, cE
11, cE

12, cE
13 and cE

33
are elastic constants of the crystal, c11 and c12 are elastic
constants of the polymer; e31 and e33 are the piezoelectric
constants of the crystal, εS

33 and ε11 are the dielectric constants
for crystal and polymer, respectively, and c̄E

33, c̄D
33, ē33, and ε̄S

33
are the elastic, piezoelectric, and dielectric constants for the
piezocomposite, respectively; and
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where ρc and ρp are the density values for crystal and polymer,
and ρ̄, k̄t, Z̄ and c̄L are the effective density, electromechanical
coupling coefficient, acoustic impedance, and longitudinal
velocity for the piezocomposite, respectively.

The thickness of the matching layers was calculated as
the quarter wavelength (λ /4) thickness based on the piezo-
composite working frequency of 50 MHz. The ideal acoustic
impedance values for the two layers can be determined using
the following equations [36]:

Z1 =
7

√
Z̄4 · Z3

0, Z2 =
7

√
Z̄ · Z6

0 (9)

where Z0 is the acoustic impedance value of the medium.
While the impedance of PVDF-TrFE is known and different
from Z2, a value Z1 for the silver-epoxy composite can be
controlled by choosing the optimal silver volume fraction
using the following equations [37]:
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Z̄ = c̄L · ρ̄ (14)

where K̄, Kp, and Ks are the bulk moduli of composite,
polymer matrix, and scatterer, respectively; Ḡ, Gp and Gs
are the shear moduli of the composite, polymer matrix, and
scatterer, respectively; vs is the silver volume fraction, ρs,
ρp are the density values of silver and polymer; and ρ̄, c̄L,

and Z̄ and are the composite’s density, acoustic impedance,
and longitudinal velocity, respectively. Fig. 2 shows the values
calculated for c̄L and Z̄ based on the volume fraction of silver.
The parameters of PMN-28%PT, epoxy, and silver used in the
previous calculations are presented in Table I.

Based on initial parameters for the acoustic stack, a
1-D model was implemented in MATLAB (2023b, Math-
Works, Natick, MA, USA) based on the Krimholtz, Leedom,
and Matthaei (KLM) equivalent circuit [38] to assess the
pulse-echo performance of the design. An initial bare stack
model without matching layers was used as a reference for
comparison. We conducted a parameterization study with three
variables within a ±50% range around the initial parame-
ters: thickness and silver volume fraction of the conductive
glue layer and thickness of the PVDF-TrFE layer. We also
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Fig. 2. Longitudinal velocity (c̄L, blue) and acoustic impedance (Z̄, red)
of a silver-loaded epoxy composite.

TABLE I
COMPOSITE MATERIAL PROPERTIES

simulated 1000 transducer configurations in a Monte Carlo
approach, each with randomly chosen combinations of the
three parameters. The results allow us to assess the net
sensitivity to variations in these parameters, all of which have
a finite tolerance when manufacturing the final stack. For
each variable combination, the result was evaluated based on
key performance indicators (KPIs) from the echo frequency
response: peak value APEAK, center frequency fC, and −6 dB
bandwidth FBW, calculated as follows:

APEAK = max|Echo(f)| (15)

fC =
fL + fU

2
(16)

FBW =
fU − fL

fC
(17)

where fU and fL are the upper and lower frequencies for
which the frequency response falls to half from the peak value.
An extra indicator was defined based on the other three KPIs
to find the optimal stack, a figure of merit (FOM) that can be
calculated as follows:

FOM =
APEAK

APEAK0
· FBW ·

fC0

α fC0 + | fC − fC0|
(18)

where APEAK0 and fC0 are the peak value and the center
frequency of the bare stack, respectively, and α is a factor that
modulates how much the FOM penalizes deviations of fC from
fC0: smaller α increases the sensitivity to deviations, while

larger α reduces it. The maximum value for the FOM reveals
a combination of variables that provide an optimized acoustic
stack, favoring high sensitivity and FBW while keeping fC
close to fC0. FOM values can help select an optimal design,
but they do not accurately reflect its actual performance. The
optimized stack was used as a starting point for a Monte Carlo
tolerance analysis to determine the effect of manufacturing
variability on the different KPIs.

An additional model was designed in OnScale Lab (Ansys
Inc., Canonsburg, PA, USA) to more accurately evaluate the
effect of the glue thickness, representing the piezocomposite
as a more geometrically precise structure, close to real-world
conditions. The conductive backing layer material was selected
from one of the predefined options available in OnScale
Lab. We conducted a parametric simulation study varying the
glue thickness and analyzing the same KPIs defined before
to choose the suitable value for the stack fabrication. The
initial parameters for the KLM and OnScale Lab models are
presented in Table II.

B. Stack Fabrication

Using the results of the parameterization study and tolerance
analysis, we selected commercially available components for
the fabrication of the matching layers. We chose Loctite
Ablestik 56C CAT9 (Henkel, Düsseldorf, Germany) as con-
ductive glue, with an estimated silver volume concentration of
21.5% and 6.07 MRayl acoustic impedance using (10)–(14)
and manufacturer’s specifications. The PVDF-TrFE material
(PolyK, Philipsburg, PA, USA) was also acquired off-the-shelf.
It is uni-axially polarized, with 100-nm gold electrodes on both
sides, and is available in different thicknesses and polymer
compositions. The only variable left that can affect ultrasound
performance is the thickness of the conductive glue.

The building process of the stack was performed from top
to bottom. Fig. 3(a) shows a diagram of the process. First, the
PVDF-TrFE transducer material was put in place on top of a
microscope slide. We used a custom-built device to manually
apply the first matching layer of silver-epoxy glue with a
controlled thickness in the stack. After putting enough glue
on top of the sample, the device allows to evenly distribute it
to the desired thickness with micrometer accuracy. The slide
was then removed from the device, a few bare transducers were
manually placed upside down on the glue, and it was later
oven-heated at 50 ◦C for 2 h to cure the glue. The matching
layers’ material around the stacks was cut using a femtosecond
(LS-Lab, Lasea S.A., Pessac, France) or a nanosecond (WS-
Starter, Optec S.A., Frameries, Belgium) pulsed laser cutter to
separate them from the slide. Fig. 3(b) shows a picture of the
stack after laser cutting, where only backing and glue layers
are clearly visible.

C. Stack Characterization

To test each stack, we designed a printed circuit board
(PCB) [see Fig. 4(a)] that can hold and interconnect stack
and ASIC and provide breakout pins for all traces for external
connectivity. All the stack layers were connected to the traces
using conductive epoxy and gold wiring, except for a thick
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TABLE II
STACK MODEL INITIAL LAYER PROPERTIES

Fig. 3. (a) Schematic of the fabrication steps for the acoustic stack. Layer dimensions are not depicted to scale. (b) Magnified image of the bottom
of the stack after the last fabrication step (laser cutting). LF: low frequency, HF: high frequency.

metallic wire to connect the common ground. Fig. 4(b) illus-
trates the interface configuration, where the HF transducer can
be connected directly to an external device. The LF transducer
can be read out with a single cable via the ASIC, with a splitter
required to separate the PA signal from ASIC power, which
is provided on the same cable. This configuration is further
detailed in our previous study [25].

The acoustic stack performance for ultrasound imaging
using the HF transducer was tested using a pulse-echo system
illustrated in Fig. 5(a). The piezocomposite was driven using
a pulser-receiver (PureView Hb3, JSR Ultrasonics, Pittsford,
NY, USA) connected through a 20-dB attenuator (HAT-
20+, Mini Circuits, Brooklyn, NY, USA). The pulser-receiver
amplified the echo signal by 30 dB, to be then recorded using
a 14-bit 400-MSa/s acquisition card (PX14400A, Signatec,
Lockport, IL, USA) installed in a personal computer (PC).
The PCB was attached to an adaptor held by a three-axis
positioning system (MP63-3, Steinmeyer, Albstadt, Germany)
controlled by the PC. The PCB side with the stack was
submerged in a tank with demineralized water. Two different
targets were used to evaluate the HF transducer performance:
a silver-coated mirror (PF10-03-P01, Thorlabs, Newton, NJ,
USA) for time and frequency response and a 15-µm Pt-Ir wire
(Degussa GmbH, Munich, Germany) for spatial resolution.
The targets were placed at the natural focus of the HF
transducer, around 2.4 mm away from the front surface of the
stack. The raw data acquisition and motor control program was
developed in C++. Further signal processing was performed
in MATLAB.

The stack performance as a broadband receiver was evalu-
ated with a PA experiment where the HF and LF transducers
receive a PA signal generated by an absorber at a distance.

Fig. 4. (a) Magnified image of a populated PCB with acoustic stack and
ASIC. (b) Schematic showing the connections between PCB elements
and with external devices. HPF: high-pass filter, HF: high frequency, LF:
low frequency.

Fig. 5(b) shows a diagram of the setup. Black duct tape
(74613, Tesa, Norderstedt, Germany) was placed on the bot-
tom of a water tank as the PA absorber. Two slit fiber bundles
were air-coupled to a tunable diode-pumped OPO laser (Spit-
light EVO-OPO, InnoLas GmbH, Krailling, Germany) that
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Fig. 5. (a) Pulse-echo stack characterization setup. (b) PA stack characterization setup. Electrical and optical connections and indicated with single
and double wires, respectively. DI: Deionized (water), TRG: trigger, US: ultrasound, LF PA: Photoacoustic response from low-frequency transducer,
HF PA: Photoacoustic response from high-frequency transducer.

TABLE III
STACK MODEL PARAMETERS

illuminated the absorber with 100-Hz repetition rate, 5-ns laser
pulses with 950-nm wavelength. The PA signal originating
from the tape was first recorded using a 0.2 mm PVDF needle
hydrophone (NH0200, Precision Acoustics, Dorchester, U.K.)
at a distance of 15 mm. The same experiment was performed
with the PCB sample at the same position. All the signals were
recorded with an oscilloscope (DSO5034A, Agilent, Santa
Clara, CA, USA) and postprocessed in MATLAB.

III. RESULTS

A. Stack Simulations
The parameters for the matching layers used in the different

models are presented in Table III. A bare stack model was
designed without the matching layers on top. We calculated
the pulse-echo response by simulation using the KLM model
of the bare stack [see Fig. 6(a)] and the acoustic stack with
initial values [see Fig. 6(b)]. This initial stack echo amplitude
almost doubles that of the bare stack. The echo response of the
optimized stack with maximum FOM in Fig. 6(c) reveals that
it is possible to increase sensitivity by 8.46 dB further while
keeping the FBW at a value similar to the bare stack. Fig. 6(d)
illustrates the comparison of the different stack frequency
responses.

The pulse-echo acoustic performance, simulated using the
KLM model with randomly varying thicknesses of both match-
ing layers and the silver volume fraction in the first matching
layer around their optimal values, is presented in Fig. 6(e). The
Pearson’s correlation coefficient (r ) for each graph represents
the dependency between each stack parameter and KPI. There
is a strong correlation between the thickness of the matching
layers and the sensitivity, bandwidth, and center frequency.

Thinner matching layers produce lower bandwidth and higher
center frequency but greater sensitivity. In comparison, the
variance in the volume fraction of silver in the composite glue
does not affect the stack’s performance as strongly. Based on
the KLM model results, we chose 9-µm PVDF-TrFE material
as the second matching layer, the thickness option available
from the manufacturer that most closely approximated the
optimal design value.

The 3-D model in OnScale Lab was designed with a
9-µm PVDF-TrFE layer and variable glue layer thickness,
with the silver volume concentration fixed at 21.5% for the
chosen conductive glue. Fig. 7(a) shows the results from the
parameterization study for which only the silver-epoxy glue
thickness was varied from 1 to 40 µm in 100 nm steps. There
is a continuous trade-off between sensitivity and bandwidth
while increasing the thickness, reaching their maxima for
low thickness values below 15 µm. Based on these results,
we chose 7-µm as a compromise to increase sensitivity while
keeping the FBW close to the original value, in contrast with
the initial 8.3-µm optimal value from the 1-D model, where
a different silver volume fraction was used. Fig. 7(b) and (c)
shows the echo response for the bare and the final acoustic
stack, reflecting the final stack improvement of 3.54 dB in
sensitivity.

B. Stack Characterization

We prepared and populated six PCBs: 3 of them only
holding the piezocomposite and three additional ones with the
whole acoustic stack. A summary of the US characterization
results for all the stacks is presented in Table IV, while
the individual results for a complete stack are illustrated in
Fig. 8(a)–(d). The margins of error for the lateral and axial
resolution values are determined by the XYZ stage step (5 µm)
and the sampling frequency of the acquisition card (400 MHz),
respectively. Every experiment was repeated and averaged
8 times to reduce errors due to vibrations of the setup during
scanning.

Fig. 8(e) and (f) illustrates the results from the PA experi-
ment with the complete acoustic stack. According to the PA
signal captured by the hydrophone, its frequency content spans
at least the whole available bandwidth (1–35 MHz). The PA
signals were captured simultaneously by the LF receiver and
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Fig. 6. Acoustic stack KLM simulation results. (a)–(c) Echo time and frequency responses of (a) bare stack, and the stack with (b) λ /4 and
(c) optimized matching layers. FOM values are shown for the stacks with matching layers. (d) Comparison of the frequency responses with
magnitude normalized on the value of the stack with no matching layers. The maximum value for λ /4 and optimized matching layers stack response
is indicated with a dotted horizontal line. (e) Correlation between variables for the stack and KPIs. Each plot is labeled with the Pearson’s correlation
coefficient (r), where a value closer to ±1 signifies a high linear relation. FBW: −6 dB fractional bandwidth, fC: center frequency, FOM: figure of
merit, tM1: first matching layer thickness, vS: first matching layer silver volume fraction, tM2: second matching layer thickness.

Fig. 7. Acoustic stack OnScale Lab simulation results. (a) First matching layer thickness sweep from 1 to 40 µm. ∆ Sensitivity (blue) is measured
as the ratio between the peak value of the frequency response respect to the bare stack result. Center frequency is presented in red and −6 dB
bandwidth as the gray area around it. The final stack value is presented as a vertical line at 7 µm. Different multiples of λ /4 thickness are presented
as vertical dashed lines. (b) and (c) Echo time and frequency responses of (b) bare stack and (c) final stack with a 7-µm first matching layer. FBW:
−6 dB fractional bandwidth, fC: center frequency.

TABLE IV
SUMMARY OF FABRICATED STACKS PERFORMANCE
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Fig. 8. (a)–(d) Stack #6 US and (e) and (f) PA characterization results. (a) Time and frequency response of the pulse-echo experiment targeting
a silver-coated mirror. (b) US imaging of a 15-µm wire at the natural focus of the transducer and 60 dB dynamic range. (c) Axial and (d) lateral
profiles of the wire and resolution measured as the −6 dB area around their maxima. (e) Time and (f) frequency response of the first and second
PA experiment targeting black tape, respectively. Frequency responses are normalized to their maximum value, except for the HF transducer, which
is normalized respect to the LF receiver response. FBW: −6 dB fractional bandwidth, fC: center frequency.

HF transducer. Fig. 8(e) shows the time signals from the LF
and HF layers, along with the hydrophone signal, where the LF
receiver intensity is higher than that of the HF transducer. For a
first experiment where LF receiver intensity is higher than that
of the HF transducer. Fig. 8(f) shows the frequency normalized
response of the signals, received by the two transducers,
jointly normalized to the hydrophone trace and relative to
the LF receiver response. The signal captured by the LF
receiver remains higher until 21 MHz, above which the HF
transducer becomes more sensitive. Time and frequency plots
in Fig. 8(e) and (f) were acquired in different experiments,
which differed in alignment and amplification.

IV. DISCUSSION

In this study, we have designed, fabricated, and char-
acterized a dual-transducer acoustic stack incorporating a
1–3 PMN-PT/epoxy piezocomposite and a PVDF-TrFE-based
transducer for high-resolution pulse-echo and broadband PA
reception. Our results demonstrate the potential of such a stack
for multifrequency intravascular imaging without increasing
the catheter’s tip length or diameter beyond conventional
dimensions. After comparing the US performance between
single- and dual-transducer configurations using 1-D and 3-D
models, we have shown that the fabricated stack results
align with the simulation predictions regarding sensitivity and
bandwidth improvement.

Moreover, the experiments confirm the stack’s suitability
as a combined PA receiver and pulse-echo transducer. In PA
receive mode, the LF element provided a signal that is larger
below 21 MHz than this particular HF element, which also
demonstrated considerable receive sensitivity at low frequen-
cies. Signals from atherosclerotic plaque had relatively lower
HF content than the black-tape target used here [6], and the
benefit of the LF receiver in representing the total signal

would be even more significant than it is here. Further stacks
and phantoms would need to be manufactured to thoroughly
characterize the stack as a combined pulse-echo and PA
imaging device in a catheter configuration.

The variation in performance between different stacks
highlights a fabrication challenge: achieving a uniform
silver-epoxy layer thickness. The current fabrication process
likely contributed to this discrepancy due to a nonuniform
glue layer thickness, as the small stack elements are manu-
ally assembled with no subsequent verification of the actual
thickness or alignment. Additionally, the size of silver particles
within the composite can restrict the minimum glue layer
thickness. These issues could be addressed by choice of glue
with a controlled maximum particle size and by introducing
more advanced manufacturing techniques like pick-and-place
machines. The presented configuration of the stack working
along the ASIC requires using two independent acquisition
channels on the system side. Further development of the ASIC
can potentially enable a single-channel acquisition design.

V. CONCLUSION

We have developed and validated a dual-transducer stack
for combined IVUS/PA imaging. The stack design we propose
demonstrates that it is possible to achieve PA acquisition and
US imaging using a compact transducer arrangement without
sacrificing pulse-echo performance. Future work will focus on
improving the fabrication process and fine-tuning the acoustic
stack parameters. This work can be the base for incorporating
this technology into a catheter prototype, enhancing IVUS/PA
imaging to become a viable tool for intravascular diagnostic
imaging.
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