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Design Approaches and Electromechanical Modeling of
Conformable Piezoelectric-Based Ultrasound Systems
Nikta Amiri, Aastha Shah, Amit Kumar Bhayadia, Chia-Chen Yu, M. Amin Karami,
and Canan Dagdeviren*

Painless, needleless delivery of drugs through the skin can be realized
through aphenomenon called sonophoresis by applying an ultrasound field to
the biological tissue. Development of wearable embodiments of such systems
demands comprehensive characterization of both the physical mechanism of
sonophoresisas well as wearability parameters. Here, we present a framework
for analyzing disk-type piezoelectric transducers in a polymeric substrate to
create acoustic cavitation in a fluid coupling medium for sonophoresis
applications. The device design and operating parameters such as the
working frequency, applied voltage range, acoustic pressure distribution, and
transducer spacing were determine dusing a finite element methods
(FEM),and verified with experimental measurements. The influence of the
surrounding water and tank reflections on the acoustic pressure field, and the
interaction between the elements in the array structure were also
studied.Finally, the impact of skin and the substrate geometry on the acoustic
pressure fields was characterized to simulate the invivo use-case of the
system. These analytical models can be used to guide critical parameters for
device design such as the separation distance of the piezoelectric transducer
from the skin boundary. We envision that this tool boxwill support rapid
design iteration for realization of wearable ultrasound systems.

1. Introduction

Increased consumer interest in healthy-looking skin has
provided great impetus for research in transdermal drug
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delivery systems in recent years, owing
to its non-invasiveness, programmable
dose rate, and convenience.[1] A number
of methods have been explored to achieve
percutaneous transport of drugs and cos-
meceuticals, including passive diffusion
patches[2] mechanical,[3] chemical[4] or
mechano-chemical enhancers,[5] applica-
tion of electric fields to the skin employ-
ing iontophoresis,[6] electroporation[7]

and sonophoresis[8] or combined strate-
gies involving two or more of the
above,[9,10] Prausnitz’s comprehensive
review papers provide a comparison
on the various approaches mentioned
above,[11,12] Prominent among these is
sonophoresis, the application of ultra-
sound energy to instantiate acoustic
cavitation in situ, within or on the skin
surface, and disrupt the tightly packed
lipid-bilayer structure of the stratum
corneum to enhance the transport of
drugs.

However, acoustic cavitation is a highly
sensitive stochastic phenomenon, where

multiple systems as well as environmental parameters such as
transducer properties, spatial geometry[13] and choice of coupling
medium,[14] dissolved gas content,[15] and heterogeneity and sep-
aration of target membrane[16] profoundly impact each instance
of cavitation. Controlling the cavitation dynamics to achieve re-
peatable performance in vivo demands rigorous characterization
of the working physics of sonophoresis. Multiphysics FEM sim-
ulations are valuable tools in understanding the acoustic behav-
ior of the fluid medium where experimental methods encounter
practical limits in obtaining measurements, for example, in close
vicinity of the ultrasound transducer where the electromagnetic
coupling between the transducer and the hydrophone can con-
found the small signal pick-up of the pressure field. A num-
ber of studies have provided well-developed theoretical and FEM
models for studying the electrostatic-acoustic behavior of ultra-
sound transducers for various applications – including electrical
impedance profiles for high-intensity focused ultrasound (HIFU)
transducers in heat therapy,[17] vibrational modal analysis for
disk transducer in a fluid medium,[18] reduced-order modeling
of pressure fields for ultrasound power transfer in vitro,[19,20] and
cavitation threshold characterization for a horn-type ultrasound
sono-reactor.[21] Each of the above works provides a comprehen-
sive discussion on one important aspect of the modeling of the ul-
trasound transducer or pressure regime. Specifically, Martinez’s
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Figure 1. Conformable ultrasound patch for cavitation-enhanced transdermal drug delivery. a) Photograph of device with a 2 × 2 array of piezoelectric
actuators in a PDMS substrate. Scale bar 1 cm. b) Geometrical detail of a single piezoelectric actuator in PDMS cavity.

paper on HIFU[17] provides an experimentally-validated approach
for characterizing the electric impedance behavior of disc-type
transducers. Bhargava’s work[19] presents a penetrating commen-
tary on the impact of nonlinearities in acoustic wave propaga-
tion and material parameters on ultrasound delivery, which is an
important consideration when designing devices for inherently
nonlinear systems, such as human tissue. Wei[21] demonstrates
theoretical and experimental methods for generating acoustic
pressure maps for the determination of cavitation-prone zones
in a finite fluid volume around the transducer. All of the above
individually are critical considerations in the development of ul-
trasound devices, yet there is no literature that presents a full
developmental pipeline of modeling and characterization mile-
stones that must be met to create integrated ultrasound systems.
Primarily, as we move toward more applied and wearable em-
bodiments of these ultrasound technologies,[22,23] it is important
to determine an optimized pipeline for rapid electrostatic and
mechano-acoustic characterization of piezoelectric transducers,
and the impact of soft encapsulants and human tissue on their
performance in vivo as well.

In this study, we propose the development of a conformable,
wearable platform of piezoelectric disk-type transducers (PZT-
Ds) embedded in a soft polymeric substrate with patterned cavi-
ties for delivering low-frequency sonophoresis (LFS) to the skin
within a contained fluid pocket (Figure 1a). Conformable wear-
able platforms provide unique opportunities to interface elec-
tronics with soft, curvilinear body targets for both physiologi-
cal sensing and actuation,[24,25] Using biocompatible polymeric
materials with mechanical properties that closely match those
of living tissue,[26] we can create personalized designs for inti-
mate contact with the skin surface.[27] Computational and theo-
retical models for the same can greatly contribute to the success
of these designs in vivo,[28,29] In this device, the polydimethyl-
siloxane (PDMS) substrate is used to create geometrical features
to act as the drug reservoir, and allow controlled positioning of
the PZT-D relative to the skin. This report provides a complete
pipeline of FEM models for the development of flexible, wearable
sonophoresis systems for achieving transdermal drug delivery
through the skin. First, we discuss the electromechanical charac-
terization of disk-type transducers including the impedance pro-
files, vibrational displacements, and mode shapes of PZT-Ds in
air and water. Next, the impact of changing geometrical parame-
ters such as the radius and thickness of the PZT-D, and the ad-

dition of polymeric backing and encapsulation on the vibrational
behavior of the transducer is examined. The time-varying acous-
tic pressure fields created by the transducer in water are then
characterized using coupled electrostatic and acoustic theoreti-
cal models. Far-field pressure values are validated using experi-
mental measurements in the frequency domain, and near-field
pressure maps are generated to determine the spatial regions of
interest for cavitation nucleation. Finally, 3D FEM models are cre-
ated for the complete system of a multi-element array of PZT-Ds
on a soft substrate, and its interaction with skin.

These studies capture the full spectrum of electro-acoustic and
mechano-acoustic models needed to develop LFS systems, where
consequently the material properties and design parameters can
be rapidly iterated to generate optimized configurations of PZT-D
arrays for programmable and large-area delivery of drugs across
the human body. We believe this report lays valuable groundwork
for the future development of wearable piezoelectric systems and
provides a toolbox to aid material scientists and engineers work-
ing to realize scalable, sustainable deployment of transdermal
drug delivery systems in the consumer industry.

2. Results and Discussion

A Finite Element Analysis (FEA) model is created in COMSOL
Multiphysics to simulate the different vibrational modes of the
piezoelectric transducer and to perform acoustic pressure anal-
ysis for sonophoresis. Details of the physics interface, boundary
conditions, geometry, and materials used in the FEA simulations
are provided in (Section S1, Supporting Information).

2.1. Electromechanical Characterization of the Piezoelectric Disk
(PZT-D) in a Flexible Substrate

2.1.1. Impact of Geometric Parameters on the Resonant Frequency
and Displacement

Understanding the electrical impedance response of the PZT-
D is fundamental to providing insight into the electrical behav-
ior for a wide range of frequencies. The impedance magnitude
depends on the structural and material properties and is a use-
ful way to obtain vibration mode characterization since the elec-
tromechanical coupling factor and quality factor can be calculated
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Figure 2. Impact of geometrical parameters on impedance and displacement spectrum of PZT-D. a) Impedance profile for various PZT-D radii for a fixed
thickness of 2 mm. b) Impedance profile for various PZT-D thicknesses for a fixed radius of 5 mm. The “-x’s mark the thickness resonance frequencies
corresponding to the minimum impedance. c) Peak displacement of PZT-D element (at the center of the face) for different PZT-D thickness at a fixed
radius of 5 mm. d) Shift in peak placement and resonance frequency for different PZT-D thickness for a fixed radius of 5 mm. The shift in resonance
frequency is calculated for discrete values (solid dots), and the trend is extrapolated using the dashed lines. Mode shapes showing peak displacements
in nm for e) radial (220 kHz) and f) thickness mode (1 MHz) of vibration for a PZT-D (r = 5 mm, t = 2 mm).

from the impedance curve. The occurrence of natural frequen-
cies of the piezoelectric transducer including both resonances (lo-
cal minimums) and antiresonances (local maximums) can also
be found via the impedance frequency spectrum.

The impedance from FEM simulations is calculated based on
the ratio between voltage and current for the electrodes over the
frequency range of interest. The total electric current flowing
through the transducer is obtained by differentiating the charge
density (Q) with respect to time (t) and integrating it over the elec-
trode area. Electric charge is expressed in the exponential form
of Q = Q0 ei𝜔t which yields the current magnitude of |I | = | 𝜕Q/
𝜕t | = 𝜔0, Q = ∫ D3dA, where D3 is the electric displacement in
z direction and A is the surface area.[30] The impedance magni-
tude is then calculated by the general ohm law as |Z| = |V| /|I|.

Figure 2a,b shows the impedance spectra of the piezoelectric
transducers with different dimensions obtained by the FEM
analysis.

The radius of the piezoelectric transducer is varied (2, 3, 4,
and 5 mm) while keeping the thickness constant at 2 mm to ex-
plore the effect of radial dimension on the impedance frequency
spectrum. The lowest radial resonant frequency of 220 kHz is ob-
served for the PZT-D with a radius of 5 mm. It is observed that
increasing the radius of the piezo shifts the resonant frequency
down from 550 kHz at 2 mm to 220 kHz at 5 mm as shown in
Figure 2a. However, the change in radius has a negligible impact
on the resonant frequency of the thickness mode close to 1 MHz.
Next, the radius is kept constant at 5 mm, and the thickness
is varied between 0.5 and 2 mm. This significantly impacts the
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resonant frequency of the thickness mode (1.08 MHz at 2 mm to
4.18 MHz at 0.5 mm, marked with “-x” in Figure 2b). This is in ac-
cordance with the inverse relationship expected between the reso-
nance frequency and thickness of the crystal. It is also to be noted
that the resonance frequency at the radial mode (≈220 kHz) re-
mains relatively unchanged for thickness changes (5% variation
between the minimum and maximum values, measured with re-
spect to the minimum, 225 kHz). This demonstrates a strong de-
coupling between the thickness and radial modes of operation of
the PZT-Ds, and can be strategically exploited in the design of
the patch. For example, the radial mode can be selected as the
operating mode of the device, and the thickness can be reduced
significantly to achieve a more compact form factor without sig-
nificantly shifting the resonant frequency and peak displacement
attainable at that frequency (Figure 2d). This is desirable from an
operational point of view, as the cavitation threshold in a given
medium depends strongly on the frequency of the ultrasound en-
ergy being applied.

For the PZT-D of interest, (r = 5 mm, t = 2 mm), we obtain 5
distinct modes in the range of 200 kHz–1.1 MHz. The displace-
ments are in the order of picometers for a 10 Vpp sweep across the
frequency band. Of the 5 modes, the PZT-D exhibits two domi-
nant different types of deformations: radial and thickness. The
radial mode involves expansions and contractions along the ra-
dius. The through-thickness deformations are swellings in the
thickness direction. The relative contributions of the radial and
thickness deformation to the total displacement are discussed in
(Section S3, Supporting Information). We aim to numerically in-
vestigate the vibration characteristics and mode shape for both
modes (radial and thickness modes). The free boundary condi-
tions are applied to our FEM model. The relation between the
voltage and displacement can be expressed as - 𝜌𝜔2u = ∇.S, S =
c:∊ – eTE, where 𝜌, 𝜔, u, S, c, e, and E are the density, frequency,
displacement vector, strain, elasticity, coupling matrix, and elec-
tric field vector, respectively. The mode shapes and peak total dis-
placements of the top surface of the PZT-D freely suspended in
air are shown in Figure 2e,f for the 2 dominant resonance modes
(fr (220 kHz), and ft (1,08)). The radial mode (Figure 2e) is the
first and fundamental mode of vibration, showing 1 displace-
ment node and 1 displacement antinode. The thickness mode
at 1 MHz is the third harmonic mode of vibration, presenting
2 nodes and 3 anti-nodes as demarcated by the nodal rings in
Figure 2f. The displacement is in the order of 1–20 nanome-
ters for a 10 Vpp pure sinusoidal signal at the driving frequency.
Figure 2e shows higher displacement peaks at fr as compared to
the value for a 2-mm thick PZT-D as shown in Figure 2c,d. This
can be attributed to the energy being focused in a narrow fre-
quency band for multiple cycles for a continuous pure sine as
compared to application for a single cycle at each frequency step
in the case of a sweep. The analytical modeling and Bessel fits for
the radial components of the displacement at the two resonance
modes are discussed in (Section S2, Supporting Information).

2.1.2. Impact of the Flexible Substrate on Mode Shapes and Peak
Displacements

The addition of flexible substrates on piezoelectric transduc-
ers can not only provide mechanical stability but also result in

improved electromechanical response and flexibility. However,
purely in terms of modal analysis, addition of a substrate to a
piezoelectric transducer can significantly alter the vibrational be-
havior (natural frequency and modes) of the device due to a shift
of the neutral axis. Therefore, the substrate material and geom-
etry were selected such that the natural frequencies and vibra-
tional modes on the ultrasound modes were not altered signifi-
cantly. PDMS serves as an excellent material for microfluidic de-
vices. Properties such as resistance to biodegradation, chemical
stability, biocompatibility, and physiological indifference make it
a good substrate material for ultrasound-based drug delivery de-
vices. Moreover, for this particular application, the substrate acts
as a good base for adhesive to maintain contact with the skin, and
structurally patterned 1 mm-deep cavities around the PZT-D el-
ements act as an active drug reservoir during sonophoresis. The
PDMS substrate has a thickness of 1 mm which shifts the radial
and thickness mode resonance frequencies to 225 and 996 kHz
respectively. The low thickness of the substrate is selected to min-
imize the shift of resonant frequencies compared to the initial ra-
dial (220 kHz) and thickness (1 MHz) modes of the substrate-free
transducer. The addition of PDMS substrate ultimately results in
an insignificant shift in the neutral axis while still providing me-
chanical stability and improved electromechanical response.

Figure 3 illustrates the impact of the PDMS substrate on the
operational modes of the transducer. In the absence of the PDMS
substrate, the PZT-D experiences low deformation due to the
high stress and a bulk of the residual energy is dissipated. The
addition of the PDMS layer allows for the dissipated energy to be
translated to the substrate, resulting in significantly higher dis-
placement in the PDMS layer. The effect of the energy translation
can be seen in the log scale Figure 3c,d, where the bottom of the
transducer is shown. The PDMS layer experiences significantly
higher displacement than the piezo layer as expected. It must be
noted that, intentionally, the deformation of the piezo with and
without the PDMS are similar due to vibrational behavior of the
transducer being unchanged even in the presence of a thin sub-
strate.

2.2. Acoustic Pressure Distribution of the PZT-D in Water Tank

It is desirable to characterize the acoustic pressure fields close to
the PZT-D to estimate the spatial likelihood of cavitation. How-
ever, measuring the pressure experimentally using a hydrophone
is extremely sensitive to reflections in the measurement setup
and coupling from the electromagnetic field close to the trans-
ducer. These artifacts appear as jagged kinks in the experimen-
tally measured pressure curves shown in Figure 4d. Here we aim
to simulate various configurations of the measurement setup to
determine the optimal boundary conditions in a water-tank to
guarantee quality capture of hydrophone data. We then measure
the pressure experimentally in this configuration and compare
the data with a simulated pressure-frequency sweep at a fixed dis-
tance of 1, 2, and 3 cm from the transducer surface. This verified
simulation model is then used to predict near-field pressure in
the PDMS cavities for the final patch design, discussed subse-
quently in Section 2.3.

In order to solve the wave equation in the fluid media sur-
rounding the piezo transducer, the physics interface of “Pressure
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Figure 3. Impact of PDMS substrate on mode shape and displacement of the PZT-D. PZT-D with 1 mm-thick PDMS substrate at the bottom, showing
peak displacements (capped at 20 and 8 nm respectively) across the top surface of the PZT-D for a) radial (220 kHz) and b) thickness mode (1 MHz).
The PZT-D is driven at 10 Vpp. Log of displacement in PDMS substrate at the bottom of the PZT-D for c) radial and d) thickness mode.

Acoustics, Frequency Domain” interface module is added to the
previous COMSOL Multiphysics FEA model developed for the
numerical simulations. The physical field of acoustic pressure is
explored in the frequency domain and contains the partial dif-
ferential equations (PDEs) known as the Helmholtz equations
described as the following wave equation:

∇.
−∇p (x, y)

𝜌
−

𝜔2 p (x, y)

c2𝜌
= 0 (1)

where 𝜔, c, and 𝜌 represent the frequency of wave propagation,
speed of the wave in the water, and density of water, respectively.
and p(x,y,t) represents the scattered acoustic pressure field in
terms of the Cartesian coordinate for the spatial domain (x and y)
and time (t). The model simply assumes that the acoustic source
is made up of numerous point sources, with each point source
contributing to the overall pressure field at that location, and it
is used to produce the pressure field at frequencies matching the
vibrational modes.

The lumped parameter electromechanical acoustic model can
be expressed as:[31] [K] {u} − 𝜔2[M]{u} + 𝜔 jZ(p, 𝜔) {u} = {0}
where [K], [M] are matrices of stiffness and mass, {u} is the dis-
placement, 𝜔 is the frequency, Z(p, 𝜔) is the complex acoustic
coupling dependent on the acoustic pressure, p and frequency,
𝜔.

Boundary conditions are critical constraints in COMSOL Mul-
tiphysics simulations. They are defined based on the pressure
acoustics module considering the sound hard boundary wall

which assumes that the normal component of the acceleration,
velocity, and the normal derivative of the pressure are zero at
the boundary; 𝜕Pt

𝜕n
= 0. The spherical wave radiation is a radi-

ating field source located at z0 = 0. The water medium has a
10 cm x 10 cm surface area. We have tested three different bound-
ary conditions which are shown in Figure 4a–c. The true abso-
lute pressure measurements correspond to Figure 4a, with plane-
wave propagation conditions assigned to both the top (air-water
surface) and side walls of the tank. This assumes that the wa-
ter medium continues infinitely in both directions presenting no
reflections, and the pressure field is representative of the true val-
ues. The amplitude of the pressure decreases gradually along z to-
ward the air-water interface (Figure 4a, right). Next, in Figure 4b,
we simulate the case of a water-air interface at top surface, and
a reflective water-glass-air interface at the side walls. This cre-
ates a standing-wave pattern within the tank (Figure 4b, left), and
presents many time-varying artifacts in the pressure amplitude
across the tank as seen in the plot given alongside which results
in an over- or under-estimation of the true pressure at any given
location. Next, we simulate a case with an open water tank (air-
water interface at the top) and acoustic dampeners (AptFlex F28,
Precision Acoustics) on the side walls to minimize reflections by
assigning plane-wave propagation at the sides of the model tank
(Figure 4c). This case shows remarkable similarity with the ideal
case in both the wave pattern and the rate of decrease of the pres-
sure amplitude. This configuration is also feasible to set up in
practicality and is chosen to make the far-field pressure measure-
ments shown in Figure 4d.
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Figure 4. Impact of water-tank dimensions, reflections, and need for acoustic dampers. 2D axis-symmetric acoustic pressure distribution in water (left
side) and along the z-axis through the center of the PZT-D (right side) for a) ideal boundary conditions with no reflections, b) reflective water-air boundary
on top and water-glass-air side-walls and c) reflective water-air boundary on top, and acoustically damped side-walls. d) Experimentally measured (blue)
and simulated (red) frequency-sweep plots (100–500 kHz) for pressure at distances of 1, 2, and 3 cm along the z-axis. Note that all pressures are in kPa,
and the y-axis propagates through the 3 plots in Figure 4d.
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The pressure results are evaluated by comparing the exper-
imental and simulated pressure results across different dis-
tances from the surface of the device. In this study, we are
interested in the investigation of the resonant frequency in
the lower frequency range of 220 kHz, since the cavitation
thresholds are lower at this frequency range. To evaluate the
acoustic pressure profile, the PZT-D was immersed into a tank
(49.5 × 25.0 × 29.0 cm3) filled with deionized (DI) water with a
hydrophone (HGL-0200, Onda Corp.) pointed directly along the
central axis of the device. A burst mode sinusoid was used to de-
termine the distance between the hydrophone and device and a
frequency-swept sinusoidal signal (100–500 kHZ) was used as
the excitation signal. A function generator (Model 3390 Arbitrary
Waveform Generator, Keithley) was used to achieve the desired
voltage output at 10 Vpp. The generated ultrasound pressure was
then characterized with the hydrophone at different distances
away from the PZT-D (1, 2, and 3 cm) using a spectrum analyzer
(NanoVNA-H, Seesii). The experimental results were filtered us-
ing a low pass filter in MATLAB.

Figure 4d shows the pressure results at the distance of 1, 2,
and 3 cm away from the surface of the device in water. The re-
sults show that the resonant frequency is independent of the lo-
cation of measurement in the water tank as the distance increases
from the surface of the device: however, the pressure amplitude
and the fluctuations of the experimental results are affected. The
pressure at the resonant frequencies decreases from 9 to 3 kPa
and 2 kPa as the hydrophone is moved from 1 to 2 cm and 3 cm
away from the surface of the device for a driving voltage of 10 Vpp.
At distances closer than 1 cm from the surface of the piezoelec-
tric disk transducer, it was not possible to make near-field exper-
imental measurements due to electromagnetic coupling into the
hydrophone by the piezo driver.

Despite the simplicity of the FEA model, the simulation re-
sults match the results of the experiments that were conducted
in terms of efficient description of the resonant frequency and
amplitude of pressure. The fluctuations could be caused by align-
ment issues, noise, and the distortions from the hydrophone.
Nonetheless, the FEA model remains a useful tool for initial ap-
proximation of acoustic pressure.

2.3. Modeling of the Multi-Element Patch for In Vitro Trials

Up to this point, the scope of modeling of the conformable ul-
trasound face patch was limited to a single element. However,
achieving drug delivery across an entire region such as the cheek
or forehead demands a conformable patch with 2D arrangement
of elements. The effect of skin, the encapsulating polymer, and
any interaction or coupling between the PZT-D elements is sub-
sequently investigated.

Figure 5a–c illustrates the 3D view and 2D cross-sectional
view of the array elements of the ultrasound patch used in our
FEM simulations for modeling the in vitro trials when the de-
vice has adhered to facial skin. The geometry is composed of
4 PZT-Ds arranged in a 2 × 2 configuration and encapsulated
in a soft PDMS substrate with a total thickness of 4 mm. Cir-
cular cavities of 6 mm radius and 3 mm depth are patterned
concentrically around the PZT-D elements in the PDMS sub-
strate. The cavity is filled with the drug solution (3% w/w so-

lution of niacinamide dissolved in a phosphate-buffered saline),
and it acts as a drug reservoir while providing a controlled space
for cavitation action of bubbles against the skin surface. For all
practical purposes, the drug solution can be modeled as wa-
ter as it presents comparable density (1.073 g mL−1) and vis-
cosity (1.00 ± 0.05). The PZT-Ds are driven in parallel with a
sinusoidal voltage of 50 Vpp. Further details on the modeling
and material properties can be found in Section S1 (Supporting
Information).

Several features are of interest within the 2D array of the
transducers. First, to study the impact of PZT-D spacing, a sim-
plified configuration is considered wherein the PZT-Ds are ar-
ranged on a flat PDMS substrate without the patterned cavities
(Figure 5a). A 2 mm layer of skin is applied at a separation dis-
tance of 1 mm from the top surface of the PZT-Ds. The cross-
section through a set of 2 PZT-Ds is taken to generate the pres-
sure maps (Figure 5b). 3 PZT-D separation distances are con-
sidered – 10, 4, and 2 mm as shown in Figure 5d, and exam-
ined across plane CSA1 as shown in Figure 5b. Peak pressures of
≈180 kPa are generated within the fluid medium in all 3 config-
urations, showing that it is possible to generate pressures larger
than the cavitation threshold (≈100 kPa) in all three cases. The
main lobes of peak pressures are contained within a small re-
gion directly above the center of each PZT-D at all separation dis-
tances. As the distance between two adjacent PZT-Ds in an array
is reduced, the side lobes of pressure from each PZT-D element
generate patterns of constructive interference, creating spikes in
pressure and increasing the total area within the fluid conducive
to the nucleation of cavitation. As a quantitative indicator of this
effect, the peak pressure is plotted at a point P1 directly between
2 PZT-Ds (Figure 5c,f). The pressure at P1 drops to 50% of its
peak value at around 3 mm separation. This provides a good di-
rective to design the PZT-Ds as close to each other as possible
without compromising the mechanical stability of the patch. The
variation in absolute pressure along the z-direction above the cen-
ter of the PZT-D in an array is demonstrated in Figure 5e. The
pressure drops off steeply below the cavitation threshold when
the distance in z is >1.5 mm, and it is thus desirable to posi-
tion the skin within this distance. The final configuration of the
patch with 10 mm PZT-D spacing and structural PDMS cavities
placed against the skin is shown in Figure 5g. The pressure in
both the fluid coupling medium and the skin is plotted in a con-
tinuum. Since the acoustic impedances of the two are compara-
ble, there is minimal distortion of the pressure field at the fluid-
skin interface. The side lobes of pressure are suppressed due to
the structural PDMS columns between the PZT-D elements. In
future iterations of the design, it is desirable to reduce the size
and thickness of the PDMS columns to facilitate constructive in-
terferences of the side lobe pressures and increase the likelihood
of cavitation.

The results demonstrate that for in vivo trials, the piezoelectric
transducer can be encapsulated in a soft PDMS substrate with lit-
tle sacrifice to the pressure amplitude in the coupling medium.
Further, it is shown that the distance between the piezoelectric
elements can have a certain degree of influence on the acoustic
pressure distribution, but undamped pressure zones in excess of
≈140 kPa are formed within the medium in all configurations
of the patch. Ex vivo studies of the device demonstrate highly ef-
fective sonophoresis action of the device, providing a 26.2-fold

Adv. Sensor Res. 2024, 2300175 2300175 (7 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 5. Modeling for ultrasound patch for in-vivo trial. a) Simplified arrangement of 2 × 2 array of PZT-D elements on a 1-mm thick PDMS substrate. b)
Cross-section considered across two PZT-D elements for the pressure maps. c) Axis A1 through the center of the PZT-D element, and point P1 between
2 PZT-D elements, positioned 1 mm from the top of the PDMS substrate. d) Pressure distribution in fluid coupling medium for CSA1 for different PZT-D
separation distances (10, 4, and 2 mm, top to bottom). e) Pressure profiles along axis A1, starting at the surface of the PZT-D element. f) Pressure profile
at point P1 for different separation gaps between the PZT-D elements. g) Pressure distribution for final patch design with 10-mm PZT-D separation and
structurally patterned PDMS cavities. All pressures correspond to a driving voltage of 50 Vpp.

Adv. Sensor Res. 2024, 2300175 2300175 (8 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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enhancement in the delivery of niacinamide through full thick-
ness porcine skin.[32]

The scope of this study describes the interactions of acoustic
pressure fields created by identical PZT-D elements driven at a
single resonance frequency. The effect of increasing the num-
ber of PZT-Ds in 2D multi-element configurations is considered
stepwise in Figures S3.1 and S3.2 (Supporting Information). For
dual-frequency sonophoresis or multi-element patches with dif-
ferent PZT-D elements, it is important to characterize the in-
dividual pressure fields and the pairwise interaction of the el-
ements before running a multi-element study. For example, a
low-frequency PZT-D can be used to nucleate bubbles which are
acted upon by high-frequency pressure regimes to grow and sta-
bilize the bubbles. The phase of the individual pressure fields and
their spatial congruence and overlap must be taken into account
to achieve the desired effect by the PZT-D pair.

3. Conclusion

Wearable and conformable smart-sensing and actuation plat-
forms for various applications,[27,33,34] are becoming increasingly
relevant, and this paper presents a framework for analyzing and
modeling a conformable piezoelectric transducer patch for en-
hancing transdermal drug delivery through acoustic cavitation.
First, the geometry-dependent electromechanical behavior of the
piezoelectric transducer is characterized, and the resulting mode
shapes and components of displacement are resolved for the two
dominant modes of resonance. The impact of polymeric encap-
sulation on the resonant frequency and peak displacements of the
PZT-D elements are studied to determine feasibility of integrat-
ing rigid device components into conformable platforms. The de-
sign of these conformable acoustic interfaces between device and
skin is of growing interest in the emerging field of wearable ul-
trasound electronics.[35] Next, simulations are carried out to de-
termine optimal conditions in a water tank for capturing acous-
tic pressure data using a hydrophone. Practical measurements of
acoustic pressure in fluid are often confounded by reflections in
the measurement tank, leading to variable outcomes in the abso-
lute pressure measured at various locations. A systematic analy-
sis is carried out to determine the optimal configuration for exper-
imental measurements by simulating various boundary condi-
tions. A 20 cm × 20 cm water tank with acoustic absorbers on the
side and an open surface on the top is chosen, and the experimen-
tally measured pressure values in the far-field are shown to be
in excellent agreement with the simulated values, validating the
FEM model. The near-field pressure close to the PZT-D surface
(< 1 cm) is then characterized using simulations for 2D arrays
of PZT-D elements in various configurations on soft substrates.
This pipeline of FEM models can be used for simulation-based
rapid iteration and optimization of designs for ultrasound piezo-
electric actuators on conformable platforms for various applica-
tions. In the future, experimental measurements of the acoustic
pressure taken in an ex vivo setup with porcine skin[32] would be
a valuable addition to this characterization flow. Further, the ap-
plication of dual-frequency ultrasound is also recommended due
to its superior enhancement effects observed in vivo,[36,37] The
effects of using these PZT-Ds in different resonance modes on
the acoustic pressure interactions between the PZT-D elements
and the resulting cavitation regime can be systematically mod-

eled as per the approach shown in Section 2.3 and Figures S3.1
and S3.2 (Supporting Information). A rigorous understanding of
these soft ultrasound platforms on tissue will open up avenues
for the development of sophisticated conjugate systems of topical
ultrasound acting upon implantable[38] or subcutaneous[39] sono-
responsive mediums[40] for safe, non-invasive, and enhanced ef-
fect in vivo.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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