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ABSTRACT: In this study, we present a simulation-driven framework to design a flexible ultrasonic transducer array (UTA) based
on the PMN-PT 1-3 piezoelectric composite for noninvasive vascular monitoring. The effect of transducer aperture and array
configuration on the acoustic beam performance in tissue models was evaluated using MATLAB and COMSOL Multiphysics. We
employed a target vessel embedded at a depth of 7.3 mm with a diameter of 2.7 mm as a reference to evaluate the pulse-echo
response. A vessel diameter of 2.7 mm utilizing a single transducer element, which was expanded to include a full array, was
observed through simulation. Additionally, focused beam simulation presented a peak pressure of 4.3 kPa, when compared with the
pressure of 1.2 kPa observed in the unfocused case, demonstrating significant intensity gain through delay-based focusing. The B-
mode images generated using delay-and-sum (DAS) beamforming in MATLAB demonstrated strong lateral confinement of the
acoustic beam around the target vessel location. The proposed hybrid modeling approach enables the efficient design of wearable
UTAs prior to fabrication and supports the future development of high-resolution, skin-conformal ultrasound devices.
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1. INTRODUCTION

Cardiovascular diseases are the primary cause of morbidity
and mortality worldwide, with hypertension identified as a
key modifiable risk factor [1]. The blood pressure must be
continuously monitored for early intervention and long-term
management; however, the existing cuff-based technologies
are limited by intermittent operation and bulky form factors.
As a promising alternative, ultrasound-based systems are
of their capability for
conditions

real-time,
[2,3].
However, conventional ultrasound probes are typically rigid,
making them unsuitable for prolonged skin contact and

emerging because
noninvasive assessment of vascular

integration with wearable systems [4].
Recent advances in piezoelectric materials and flexible
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electronics promoted the development of conformable
ultrasonic transducer arrays (UTAs) that can maintain
prolonged skin contact and ensure improved acoustic coupling
[5,6]. Among the various materials that were analyzed, lead
magnesium niobate-lead titanate (PMN-PT) 1-3 composites
have gained considerable interest owing to their high
electromechanical coupling, flexibility, and efficient acoustic
performance [7-10]. Despite their potential, the design
parameters of flexible UTAs, such as the element pitch, size,
and array geometry, pose complex challenges in optimization
as these characteristics directly influence the acoustic beam
quality, penetration depth, and imaging resolution [11].
Several simulation models were developed in previous
studies, particularly in the context of non-destructive testing
(NDT), such as defect localization and crack identification in
solid structures, where ultrasonic transducers were typically
modeled to evaluate wave propagation through rigid
homogeneous media [12]. Other simulation models have
analyzed dual-functionality transducers that can operate as
both transmitters and receivers in controlled environments
[13].  Further simulations
contributed significantly to the design and optimization of
piezoelectric composites, thereby enabling accurate prediction

advances in multiphysics
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of the electromechanical coupling and mechanical durability
prior to fabrication. In particular, the numerical analysis of
PDMS-CNT/graphite composites and PZT/epoxy nanocomposites
have demonstrated the contribution of computational modeling
on material selection and structural configuration to enhance
the piezoelectric sensitivity and operational stability [14,15].
However, these models are primarily mechanical or structural
in focus, with limited literature on modeling complex
acoustic-mechanical interactions in biological tissues. In
addition, narrowing the focus to vascular imaging, simulation-
based studies that reflect biologically realistic scenarios, such
as the detection and characterization of blood vessels
embedded within soft and multilayered tissues, are scarce.
Thus, most previous studies did not address the heterogeneous,
layered properties of human tissue or the dynamic interaction
of ultrasound waves with vascular structures.

The novelty of this study lies in the establishment of a
hybrid modeling framework that integrates transducer array
calculation GUI (TAC_GUI) parametric analysis, COMSOL-
based multiphysics simulations, and MATLAB ultrasound
toolbox (MUST) beamforming in a unified workflow. Unlike
earlier acoustic field simulations that considered isolated
aspects of modeling, the proposed approach integrated rapid
aperture design with acoustic field simulations and realistic B-
mode image formation. This helped in quantitatively
predicting vascular diameters with sub-millimeter accuracy,
presenting a practical pathway for the pre-fabrication
optimization of flexible ultrasonic arrays [16]. In the literature,
the limited studies on acoustic—tissue interactions, vessel
curvature detection, and receiving beam angle, show
discrepancies between the simulated results and real-world
performance. These necessitate experimental
validation to ensure the reliability of simulations in medical

limitations

applications [11,17,18].

MATLAB and COMSOL are widely implemented in
ultrasound transducer modeling; however, they both face
significant limitations when applied individually. MATLAB-
based TAC GUI,
computationally efficient parametric analysis, but assume
homogeneous media, overlooking boundary effects, tissue
heterogeneity, and material anisotropy; these factors cause
deviations from the in-vivo performance. Conversely,
COMSOL Multiphysics presents high-fidelity finite element
modeling that resolves the coupled piezoelectric, structural,
and acoustic behavior in multilayered domains, and supports

tools, such as enable rapid and

anatomically realistic vascular simulations. However, this
accuracy faces a trade-off with a considerable computation
overhead, long runtimes for large arrays or 3D models, and the
absence of built-in imaging functions, such as beamforming.
The existing studies reflect these trade-offs; MATLAB

analyses typically simplify the piezoelectric layer and tissue
conditions, whereas COMSOL is typically used for design
optimization, and is not extended to imaging. Thus far,
acoustic propagation has not been modeled through a vascular
phantom with a flexible PMN-PT 1-3 composite. Furthermore,
such modeling has not been linked to a full simulation-to-
image pipeline.

Unlike prior approaches that rely solely on parametric scripts
or the finite element method (FEM), our framework integrates
array optimization, multiphysics wave propagation, and image
reconstruction within a closed-loop workflow. The proposed
hybrid simulation integrates MATLAB TAC GUI for rapid
array-parameter design with COMSOL for multiphysics
modeling. TAC GUI evaluates the effect of element
dimensions on side lobe suppression, focal depth, and beam
width, whereas COMSOL helped in simulating ultrasound
transmission in layered tissue phantoms, thereby enabling
vessel boundary detection through time-of-flight (TOF)
analysis. The resulting RF datasets were processed in the
MUST using delay-and-sum (DAS) beamforming to enhance
the spatial resolution and image contrast. This integrated
pipeline presents a systematic foundation for the pre-
fabrication and design of the flexible PMN-PT 1-3 arrays. In
this study, we focused on simulation to reduce the design
uncertainty, minimize prototyping cycles, and lay the
groundwork for subsequent phantom and system-level
validation.

2. METHODOLOGY

2.1 Ultrasonic beam Simulation of UTAs

The geometric and acoustic properties of individual
elements significantly affects the imaging performance of
ultrasonic transducer arrays in vascular applications. Among
these, the transducer aperture contributes significantly to
determining the beam characteristics, such as the penetration
depth, beam confinement, and side lobe levels. To optimize
these parameters before fabrication, we employed the
TAC GUI toolbox in MATLAB, which enables rapid
simulation of the acoustic field profiles in a homogeneous
medium [19]. This tool is well suited for the early stage
evaluation of transducer array configurations.

In this study, we analyzed the impact of variations in the
aperture size on the beam performance of PMN-PT 1-3
composite elements. The proposed UTA was developed for
wearable applications, in which optimal acoustic coupling and
precise beam control were essential, as shown in Fig 1. We
selected four square aperture sizes to represent the practical
dimensions of the flexible UTAs: 0.6 mm, 0.9 mm, 1.2 mm,
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Fig. 1. Demonstration of UTA (a) as a patch, (b) working concept of
the UTA with beam penetration, (c) composition of the UTA,
and (d) cross-section view of the UTA element in action with
echo location of the vessel walls

and 1.5 mm. Each transducer element was simulated in a
medium comprising an acoustic impedance of 1.6 MRayl. We
applied a pulse-echo excitation source, and computed the beam
profiles in a 2D x—z domain extending up to 40 mm in depth
and +20 mm laterally.

The key beam characteristics were extracted via post-
processing based on the penetration depth and side-lobe
profiling. The effective penetration depth was defined as the
axial distance at which the pressure field amplitude fell below
10% of its peak value. Furthermore, we analyzed the lateral
beam profiles at the focal depth to evaluate the beam width and
amplitude of the side lobes. They are both essential indicators
of spatial resolution, and help in improving the clarity of the
final ultrasound image.

Fig. 2 depicts the normalized beam profiles for all four
aperture sizes. As expected, the smallest element with a size of
0.6 mm produced a narrow but shallow beam with minimal
side lobes dominated by diffraction effects. Conversely, the
largest element with a size of 1.5 mm exhibited deeper
penetration, but introduced significant side-lobe energy, which
can deteriorate the image quality through off-axis artifacts. The
aperture size of 1.2 mm helped in achieving a balance between

Table 1. Beam characteristics of different apertures
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Fig. 2. Acoustic field simulation for 1-3 piezoelectric composites
with different sizes (a) 0.6mm x 0.6mm, (b) 0.9mm x 0.9mm,
(¢) 1.2mm x 1.2mm, (d) 1.5Smm x 1.5mm implemented in
TAC_GUI toolbox MATLAB

sufficient penetration and controlled side lobe levels.
Therefore, it was selected as the baseline for further finite
element modeling in COMSOL.

We computed the beam width and side-lobe level for each
aperture configuration to quantify these differences; Table 1
summarizes the results. These findings demonstrate the trade-
off between the imaging depth and lateral resolution,
highlighting the importance of intermediate aperture selection
for wearable applications focused on vascular structures
located 2040 mm beneath the skin surface.

In summary, the TAC GUI presents an effective and
computationally lightweight environment for evaluating the
transducer design parameters. Such simulations can accelerate
the development cycles and improve the design accuracy
without immediate reliance on the physical prototypes.

2.2 Multiphysics Modeling of blood vessel phantom

To evaluate the functional performance of the flexible PMN-
PT 1-3 UTA in a biologically relevant environment, we

Element Size (mm) Peak Tntensity = 0.1

Maximum Penetration Depth (mm) at

Side Lobe Level (dB)' Beamwidth (mm)'

0.6 ~25
0.9 ~35
1.2 ~40
1.5 >40

-30 to -35 2.8
-25 to -30 2.4
-22 to 27 22
-20 to -25 2.0

'Measured at 20 mm of depth
The excitation source is a 6 MHz pulse-echo signal
The surrounding tissue has an acoustic impedance of 1.6 MRayl

684
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performed a comprehensive multiphysics simulation using
COMSOL Multiphysics. This finite element model was
designed to replicate ultrasound wave propagation in layered
soft tissues containing embedded vascular structures, thereby
enabling time-of-flight (TOF)-based echo analysis and vessel
diameter estimation. The simulation approach helped in
evaluating the acoustic field behavior, echo timing, and
structural detectability without requiring physical prototyping.

The simulation domain comprised four primary regions: the
flexible UTA model, a coupling layer that represents
ultrasound gel, a soft tissue phantom, and an embedded
cylindrical vessel. We employed a perfectly matched layer
(PML) surrounding these layers to absorb the outgoing waves
and eliminate the non-physical boundary reflections. We
modeled a 5-element linear transducer array spanning the full
width of the target vessel to capture the echo responses from
several lateral positions. This configuration ensures complete
acoustic coverage across the vessel lumen and closely reflects
the practical layout of the fabricated array.

Fig. 3(a) depicts the target vascular phantom (VATA-0705)
used in the simulation models, which highlights the location
and dimensions of the three target vessels embedded at
different depths. Fig. 3(b) depicts a B-mode ultrasound scan of
the same phantom captured using a commercial Philips L12-
4V probe for experimental comparison. The diameter
measured using the commercial probe was 2.7 mm, 3.8 mm,
and 6.6 mm The result was used to benchmark the simulation
performance. Fig. 3(c) depicts a schematic of the COMSOL
simulation geometry, including the UTA placement, tissue
layers, vessel structure, and zoomed-in mesh configuration for
the transducer elements used for Target Vessel #1.

Fig. 4 depicts the simulated beam profile of the 1-3
composite array in the homogenous tissue phantom. A single
UTA element was excited using a pulse-echo signal, defined as
V =20¢ "sin(2nft). The tissue and vessel materials were
assigned with nearly identical acoustic impedance values of
1.6 MRayl based on the literature [20]. The proposed model
was meshed with a quarter-wavelength element size to ensure
a sufficient resolution of wave propagation.

Fig. 4(a) presents a temporal snapshot of the simulated
acoustic pressure field. Fig. 4(a) depicts the ultrasound wave
transmitted from the proximal (top) wall of the vessel, which
represents the first detectable echo in the pulse-echo scenario.
These echoes were clearly distinguishable in the simulation,
demonstrating the ability of the model to resolve small-scale
discontinuities and the temporal separation between the
reflectors. The intensity of the received acoustic waves was
measured across the surface of the transducer. The acoustic
field had 0.1 peak intensity. This information provides crucial
details on the minimum number of transducers required in the

Phantom Model

Artery Target #1 Artery Target#2 #3 Artery Target # 4
0 i

(b)

Vascular Phantom 1

- "

Vascular Phantom 2 and 3
..,  Vascular Phantom 4

] II Transducer Device

Damping Layer

Piezo Block

Fig. 3. Phantom model with (a) location of the vessels inside the
phantom, (b) imaging of the target vessels performed by L12-
4v Phillip commercial transducer scale in (mm), and (c) sche-
matic of the COMSOL simulation model with a zoomed view
of the transducer model, depicting the target location and
depth.

design of the acoustic window for target object detection. Fig.
5 depicts the time-domain response captured by the transducer
element. The waveform contains three identifiable peaks: the
first corresponds to the gel-tissue interface, followed by
echoes from the top and bottom vessel walls. For Vessel #1,
the reflection times were 9.7 ps and 12.8 ps for the top and
bottom walls, presenting an estimated diameter of 2.7 mm.
This closely concurs with the physical geometry of the
phantom, demonstrating the capacity of the transducer for
accurate vascular imaging.

This method was repeated at two additional vessel sites;
Table 2 summarizes the results. The estimated diameters for
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Fig. 5. COMSOL output of the ultrasonic pulse-echo signal incident
on the virtual vessel phantom and the reflected wave signals
from the virtual vessel. (a) complete pulse-echo signal mea-
sured across time, (b) pulse-echo signal portion showing only
the reflected wave from the vessel walls.

Vessels #2 and #4 were 3.8 mm and 6.6 mm, respectively; both
the vessels concur strongly with the known phantom

Table 2. Pulse-echo Time Calculation for the Static Diameter of the
Target Vessel

Phantom Depth Diameter of the  Simulation
Vessel (mm) vessel (mm) * Result (mm) *
Vessel # 1 7.3 2.7 2.7
Vessel # 2 13.8 3.8 3.8
Vessel # 3 13.8 3.8 3.8
Vessel # 4 16.5 6.6 6.6

* Echo time calculated using only one transducer element.

* The simulation model included a mesh size of one-quarter of the
wavelength, producing approximately 13,000 elements with both edge
and refinement zone at the boundary and target vessel respectively.
The convergence criterion (relative tolerance) was set to 0.01.

dimensions.

This FEM-based simulation approach presents a detailed
analysis of the acoustic interaction, echo timing, and signal
propagation. Thus, it provides critical feedback for transducer
array design prior to physical fabrication. The combination of
realistic phantom modeling and pulse-echo tracking presents a
strong foundation for the virtual validation of wearable
ultrasonic systems designed for continuous, noninvasive blood
pressure monitoring.

In Fig. 5, the diameter of the target vessel was estimated
using the pulse-echo data obtained from a single transducer
element. This configuration demonstrates that even a single
element can help in accurately estimating the diameter based
on the time-of-flight (TOF) analysis, provided that the vessel is
relatively linear and perpendicular to the acoustic axis.
However, in practical scenarios, vascular boundaries are
typically curved or angled, which can introduce uncertainties,
such as wavefront scattering and angle-dependent refraction at
the vessel walls. These effects can cause errors in the echo
arrival time and diameter estimation.

To mitigate such limitations and improve robustness across
different anatomical geometries, a full-array model was
adopted. By incorporating multiple elements, the array formed
a complete acoustic window across the vessel, enabling spatial
averaging, improved lateral sampling, and enhanced
beamforming capability. This multi-element approach reduces
the impact of the curvature-related distortions and supports
more reliable diameter measurements in complex vascular
environments.

2.2.1 Focused beam simulation

In ultrasonic imaging systems, beamforming contributes
significantly to enhancing the spatial resolution and image
fidelity by steering and concentrating the acoustic energy
towards a desired focal region. For linear one-dimensional
(1D) transducer arrays, axial focusing is typically achieved by

© The Korean Sensors Society
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Fig. 6. Geometrical parameters for focusing the ultrasound array
across Z-axis at the target point

applying calculated time delays to the excitation signals of the
individual elements [21]. These delays synchronize the emitted
wavefronts, thereby enabling constructive interference at a
specified depth along the central axis of the array.

Axial focusing primarily involves aligning the phase fronts
of the acoustic waves emitted by the individual transducer
elements such that they converge coherently at a focal point
located at a depth of (z,) directly in front of the array. Fig. 6
depicts the geometry of the problem, where a linear 1D array
is placed along the x-axis and the focal point lies along the z-
axis at (x,=0, z,=0). Each element in the array can be
identified by its index (n) and its position is given by (x,= n
. d), where (d) denotes the inter-element spacing (pitch). The
central element, indexed by (# =0) was assumed to lie at the
origin (0, 0).

The acoustic wave emitted by each element travels a
different distance from the focal point, owing to the variation
in the lateral positions of the elements. For the (n”) element
located at (x, ), the Euclidean distance to the focal point at (0,
z;) is given as:

P = Xz (1)

For Eq. (1), based on the speed of sound in the propagation
medium (c), the time required for the acoustic wave from the
(n™) element to reach the focal point is given as:

2 2

+z
=Y Q)
c c

Because the outer elements (n = 1 and n = 5) have longer
travel paths, the signals emitted from these elements must be
initiated earlier than those positioned closer to the center. To
ensure that all the wavefronts arrive at the focal point
simultaneously, time delays were introduced into the excitation
signals, as shown in Eq. (2). The reference time (¢,,,) was set
as the travel time of the central element (which follows the
shortest path to the focus), that is, (,,,= sz). Subsequently, the

"

Artery Model
Unfocused Beam Profile

0

Fig. 7. Transmission of the unfocused ultrasound pulse and reflected
pulse-echo waveform with zoom view on beam natural focus

relative time delay for the (n”) element is given by:

[2,.2 2
xm+zﬁ—zf
c

At,=t,—t. =

V=l (3)

These time delays were implemented electronically during
transmission and reversed during reception to enable a phase-
aligned signal summation. This technique, typically referred to
as the time delay law, forms the basis for transmitting and
receiving beamforming.

To evaluate the impact of beamforming on imaging
in COMSOL
Multiphysics using a 5-element linear UTA based on the

performance, we conducted simulations
information in Fig. 4(b). Beam focusing was applied at a depth
of 7.3 mm, corresponding to the top wall of Vessel #1, as
shown in Fig. 3(a). We compared the focused and unfocused
scenarios in terms of the acoustic field distribution and point
spread function (PSF).

In the unfocused case, all the transducer elements were
excited simultaneously with no delay applied. This
configuration presented a dispersed acoustic field with a
broader beamwidth and reduced spatial coherence, as shown in
Fig. 7. Fig. 8 depicts the corresponding PSF, which exhibited
a wide main lobe with multiple high-magnitude side lobes,
indicating poor lateral resolution and susceptibility to off-axis
signal interference. These beam characteristics were effective
for initial scanning or broad coverage, but were suboptimal for
high-precision imaging tasks.

Conversely, focused configuration applied the calculated
delays to each element, presenting a convergent wavefront at
the designated focal depth. Fig. 9(a) depicts the resultant
pressure field, where the energy is tightly confined to the
vessel interface. The focused PSF presents a narrow main lobe
and significantly reduced side lobe amplitude, demonstrating
improved lateral resolution and image sharpness, as shown in
Fig. 10. Quantitatively, the peak pressure at the focal point
increased from 1.2 kPa in the unfocused case to 4.3 kPa in the
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Fig. 9. Pulse-echo response results from the focused beam (a)
focused transmission beam on the top phantom wall vessel
with normalized intensity and zoom view on beam focus
point, (b) overall pulse-echo profile obtained from the 1D
transducer array elements, (c) zoom view of the reflected
pulse-echo

focused case. This presented a considerable improvement in
the acoustic intensity and spatial concentration.

Although focused beamforming presents significant
advantages in terms of the resolution and energy efficiency, it
introduces several complexities. This process requires accurate
delay calculation, precise synchronization of the transducer
signals, and more computational resources, particularly in real-
time imaging. Furthermore, the focusing performance is
medium element

sensitive  to inhomogeneities and

misalignments, which may deteriorate the coherence of the
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Fig. 10. Measurement of the Point Spread Function across the top
wall of the artery with a focused beam with normalized
pressure magnitude and compared with an unfocused trans-
mission beam

beam during practical implementation. consequently,
estimating the diameter solely using the pulse-echo response
can cause errors and false readings, as shown in Fig. 9(b) and
(c). Hence, a method is required to clarify the beam delay
process in developing B-mode imaging.

Despite these challenges, the results indicated that delay-
based focusing drastically improves the signal fidelity,
particularly when applied to layered biological media, such as
vascular tissues, as a narrow beam with minimal side lobes
was observed. The enhanced PSF and intensity concentration
achieved through beamforming enable its integration into
flexible UTAs designed for wearable, high-resolution vascular
monitoring systems. In the next section, we focus on the
utilization of COMSOL signals to obtain a B-mode image and

then compare the overall array performance.

3. B-MODE IMAGE RECONSTRUCTION

DAS beamforming is a foundational technique that has been
widely employed in medical ultrasound imaging. DAS is one
of the simplest and most robust beamforming algorithms; it
involves aligning the echo signals received from multiple
transducer elements based on the estimated propagation
delays. These signals were then summed to enhance the
signals obtained from a specific spatial location. The principle
of DAS originated in radar and telecommunications
applications, where antenna arrays were used to focus energy
along specific directions. In ultrasound imaging, DAS serves
as the primary method for reconstructing the B-mode and
Doppler images from raw RF or I/Q data owing to its
straightforward implementation and compatibility with real-
time imaging. In this study, the RF scan obtained from
COMSOL was employed in the MUST model to obtain the B-
Mode images [22].

Despite its simplicity, the signal timing, wave propagation
models, and array geometry must be carefully considered for
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the accurate implementation of DAS. This process includes
computing the round-trip travel times from the transducer to
the tissue scatterers and back, selecting the appropriate receiver
apertures to optimize the resolution, and applying the
appropriate interpolation and demodulation techniques. In this
study, we focused on two core aspects of the DAS process: (1)
the computation of the time delays and the summation strategy
for RF signals, and (2) beamforming using complex 1/Q
signals with adaptive aperture tuning using the f-number
principles.

3.1 Time-of-Flight computation and fundamental
DAS formulation

In the beamforming workflow, the first critical stage
involves the accurate computation of the TOF for each
transmit-receive path. The simulated acoustic field data
generated in COMSOL comprised the spatial coordinates of
each transducer element and the target medium. Based on this
geometric information, the TOF was determined by calculating
the round-trip travel distance between each element and
imaging point divided by the assumed constant speed of sound
in the modeled medium. This calculation presents a unique
delay value for each element—pixel pair, thereby ensuring that
the signals originating from the same spatial location are
temporally aligned. Accurately estimating the TOF is essential
as even minimal timing errors can cause focal blurring,
deteriorated lateral resolution, and reduced contrast.

The fundamental DAS formulation was applied after
achieving the TOF values. In DAS, each received channel
signal was shifted in time based on its computed delay, and the
aligned waveforms were coherently summed across the array
aperture. This
interference of the signals received from the focal point while

summation reinforced the constructive

suppressing the off-axis contributions and side lobe artifacts. In
our implementation, the summation process was performed on
the in-phase/quadrature (I/Q) baseband data rather than the raw
RF data to enable efficient phase manipulation and reduce the
sampling requirements. Following the coherent summation,
the envelope of the beamformed data was extracted using the
Hilbert transform, log-compressed to manage the dynamic
range, and then mapped to grayscale to obtain the final B-
mode image. This combined TOF computation and DAS
processing forms the core of the image reconstruction pipeline,
thereby directly linking the multiphysics simulation output
obtained from COMSOL to the high-resolution ultrasound
image synthesis in MATLAB.

3.2 B-mode imaging simulation

In this section, we present the imaging results obtained using
the MUST toolbox following the comprehensive analysis of
the beamforming algorithms and signal processing strategies
described We applied DAS
beamforming to the simulated radiofrequency (RF) data to

in the previous section.

reconstruct the B-mode ultrasound images, enabling a
comprehensive evaluation of the beam characteristics and
image quality presented by the
configurations.

selected transducer

The reconstructed B-mode images present valuable insights
into the key imaging performance metrics, such as the lateral
resolution, beam symmetry, and focal depth. The efficacy of
the focusing strategy was evaluated based on the visual
sharpness and delineation of the structural features within the
images. Additional factors, such as the uniformity of the
intensity, contrast variations, and the presence of side lobes or
noise artifacts, were also analyzed to determine the overall
fidelity of the beamformed output. In particular, we focused on
the relationship between the array design parameters, including
the pitch size and aperture, and their impact on the image
quality.

Fig. 12(a) depicts the B-mode reconstruction achieved with
a pitch of M2, where the acoustic energy was focused at the
vessel boundary, presenting a high-intensity main lobe with
minimal side lobe interference. This configuration yields a
clean PSF that enabled precise wall localization and reduced
the off-axis clutter. The focused beam presented consistent
brightness along the lumen edges and maintained sharp
delineation even in the deeper regions of the field of view,
thereby supporting high-resolution imaging. The suppression
of the side lobes prevents spurious echoes from overlapping
the vessel boundary, which helped in improving the contrast-
to-noise ratio and spatial definition. Conversely, Fig. 12(b)
exhibits a broader main lobe and visible off-axis features
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Fig. 12. B-Mode imaging performed for Vessel # 1 for the case of
pitch size (a) M2 and (b) 3\

consistent with grating-lobe artifacts with a pitch of 3\, which
reduce the clarity of the vessel wall and introduce a bright
speckle away from the focal zone. Although both the
configurations can localize the lumen, the pitch of /2 presents
superior focusing and off-axis suppression, demonstrating its
effectiveness in achieving optimal lateral resolution and
minimizing the imaging artifacts in vascular ultrasound.

This results in a wider main lobe and elevated side lobes,
impairing the lateral resolution and increasing the noise levels
around the vessel boundary. The reduced focusing precision
demonstrates the limitations presented by the larger element
spacing on the beam steering and image quality. Table 3
presents a comparative analysis of the B-mode images
reconstructed using varying pitch sizes ranging from /2 to 32,
particularly for Target Vessel #1. The image quality
deteriorated significantly with an increase in the pitch size,
which was primarily attributed to the enhanced diffraction
effects and elevated side lobe levels. The data indicated that a
finer pitch (A/2) enabled sharper focusing, better lateral
resolution, and reduced off-axis artifacts. Conversely, larger
pitch values caused beam spreading, decreased resolution, and
more pronounced noise. This comparison demonstrates the
significant influence of the array pitch on the image fidelity
and beamforming effectiveness in ultrasound imaging.

Table 3. B-mode Imaging Performance with Varying Pitch Sizes for
Target Vessel #1

Pitch Size

B-Mode Image of Target Vessel # 1

The comprehensive analysis of the beamforming strategies
and the corresponding imaging results demonstrated that the
transducer design parameters contributed significantly to the
image quality. Based on these insights, the fabrication of a full
prototype of the ultrasonic array was the next logical step. This
prototype incorporated key design improvements, such as the
expansion of the aperture area based on a higher element count
and implementation of refined pitch reduction techniques to
further enhance the lateral resolution and focusing accuracy.
These optimizations helped in achieving superior image
fidelity, there contributing to the development of more robust
and clinically relevant ultrasound imaging systems.

In this study, we achieved considerable progress in
simulating and evaluating flexible UTAs for superficial
vascular imaging. However, the analysis of the imaging
performance for blood vessels located deeper within the skin,
such as the carotid artery, remains beyond the scope of the
current work. The findings of this study present considerable
potential for future research. In the subsequent stages, we aim
to conduct advanced simulation studies to evaluate the imaging
performance at greater depths. Thus, we aim to incorporate
more realistic anatomical models and curved
geometries that better mimic the surface of the skin.
Furthermore, we aim to experimentally validate these designs

sensor

using multilayer vascular phantoms with varying vessel
diameters and depths post-fabrication to evaluate their real-
world applicability. Future works must include the testing of
the fabricated flexible PMN-PT 1-3 composite on a multilayer
tissue-mimicking VATA-0705 phantom using a Verasonics
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Vantage system. The validation process involves pulse-echo,
beam profile, and B-mode imaging measurements, with key
parameters such as lateral resolution, signal-to-noise ratio, and
phantom vessel diameter estimation accuracy, which must be
compared directly with the simulation predictions to
demonstrate the model fidelity.

4. CONCLUSIONS

In this study, we proposed a simulation-driven approach for
evaluating flexible PMN-PT 1-3 UTAs for noninvasive vascular
monitoring. Using MATLAB and COMSOL, we demonstrated
that a single transducer element can accurately estimate the
diameters of a vessel, as demonstrated using a vessel with a
diameter of 2.7 mm at a depth of 7.3 mm using TOF analysis.
Expanding to a full array enables delay-based beamforming,
presenting improved lateral resolution and an increase in the
peak pressure from 1.2 kPa for unfocused beam transmission to
4.3 kPa for focused beam transmission. B-mode imaging, which
was achieved using the MUST toolbox, demonstrated that a
pitch of A/2 produced well-focused images with minimal side
lobes and clear vessel boundaries, demonstrating the benefits of
dense element spacing for the image quality. Overall, this study
demonstrated the advantages of both single and array-based
flexible UTAs in vascular imaging. Deep vessel imaging and
curved skin surfaces present considerable potential for future
research and for extended simulation and device testing. In this
study, we focused on simulation as a stand-alone contribution.
By integrating TAC_GUIL, COMSOL Multiphysics, and MUST
beamforming into a unified workflow, we presented a numerical
framework that reduced the uncertainty before fabrication. This
study serves as a foundation for our ongoing fabrication efforts,
and we aim to experimentally validate the simulation predictions
through phantom testing and in-vitro studies using the
Verasonics Vantage system. The validation process involved
pulse-echo, beam profile, and B-mode imaging measurements,
with key parameters such as the lateral resolution, signal-to-
noise ratio, and vessel diameter estimation accuracy, compared
directly with the simulation predictions to confirm model
fidelity.
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