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Effects of Soft Encapsulation on the Receive
Performance of PMUTs for Implantable Devices

Andrada I. Velea , Graduate Student Member, IEEE, Raphael Panskus ,
Benedikt Szabo , Graduate Student Member, IEEE, Vera A.-L. Oppelt , Graduate Student Member, IEEE ,

Lukas Holzapfel , Cyril B. Karuthedath , Abhilash T. Sebastian , Thomas Stieglitz , Fellow, IEEE,
Alessandro S. Savoia , Member, IEEE, and Vasiliki Giagka , Senior Member, IEEE

Abstract—Ultrasound (US) is a promising modality for
wirelessly powering implantable devices, requiring encap-
sulated receivers to ensure long-term stability. Traditional
hermetic packaging often limits acoustic transmission,
making polymer-based encapsulation a more suitable
alternative. This study investigates how implant-grade
polymers, thermoplastic polyurethane (TPU), parylene-C,
and medical-grade silicones (MED-1000 and MED2-4213),
affect the receive performance of piezoelectric microma-
chined ultrasonic transducers (PMUTs). Simulations and
measurements between 1 and 7 MHz show that all tested
materials exhibit transmission coefficients above 94% at
nanometer- and micrometer-scale thicknesses, confirm-
ing their acoustic transparency. The results show that although coated PMUTs are acoustically well matched
with the surrounding water medium, the added mechanical load of the coating can hinder membrane motion and
reduce the energy transferred to the PMUTs. Modeling and experimental data demonstrate that stiffer coatings,
such as parylene-C, lead to a reduced sensitivity when similar thicknesses are used. Likewise, residual stress in
materials like MED-1000 can also degrade the performance. These effects are not evident from acoustic transmission
measurements alone, underscoring the need to assess both acoustic and mechanical properties when selecting
encapsulation materials. In general, softer materials offer excellent acoustic performance for PMUT encapsulation,
while stiffer materials must be applied in thinner layers to avoid impairing PMUT function.

Index Terms— Acoustic characterization, piezoelectric micromachined ultrasonic transducer (PMUT), receive perfor-
mance, soft encapsulation.

I. INTRODUCTION

ADVANCES in the field of implantable devices focus
on miniaturization, wireless powering, efficient energy

transfer, and highly specific neuromodulation. For wirelessly
powered implants, ultrasound (US) has emerged as a promis-
ing candidate, particularly for deep-seated implants, due to
its efficient propagation through biological tissue. Research
shows that US is able to communicate with [1] and deliver
high power levels to millimeter-sized (mm-sized) implants at
depths over 10 cm inside the human body [2], [3], making it a
promising alternative to radio frequency (RF) and inductive
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coupling methods [4]. Another important advantage is the
high (720 mW cm−2) FDA-approved limit for the spatial-peak
temporal average acoustic intensity (ISPTA) [5]. Using US for
powering requires at least two transducers: a transmitter (TX)
and an implant-integrated receiver (RX). To enable further
miniaturization, micromachined US transducers (MUTs) are
currently being investigated. For implantable devices, packag-
ing is crucial, and conventionally, hermetic (either metal or
ceramic) cases are being used [6]. However, US transducers
require an acoustically conductive medium for optimal sound
wave propagation. Metal or ceramic cases (filled with dry gas)
hinder signal transmission due to their higher characteristic
acoustic impedance, compared to water or biological tissue,
causing strong reflections. In an attempt to overcome this,
ceramic packages, filled with polydimethylsiloxane (PDMS)
and with thin metal lids, have been proposed for PZTs to
enable ultrasonic coupling while preserving hermeticity [7].
However, the assembly process is cumbersome, and both
ceramics and thin metal layers are prone to cracking, leading to
failure and a decreased lifetime of devices. More recent stud-
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Highlights
• We analyze how polymers used as implantable device coatings impact PMUT receive performance, considering

their acoustic properties, mechanical effects, and acoustic mismatches.

• Simulations and measurements for polymers up to micrometer thicknesses show a transmission coefficient >94%,
but residual stress or stiffness can reduce the receive sensitivity of encapsulated PMUTs.

• US is promising for powering deep-seated implants, and polymer encapsulation can minimally impact PMUT
performance if acoustic, mechanical properties, and thickness are carefully considered.

ies [8] and [9] have explored the use of conformal coatings for
implantable devices, demonstrating stability even after in vivo
implantation. Within this frame, investigating similar polymers
for the encapsulation of transducers is, therefore, essential. For
MUTs in particular, not only do the bulk properties of the
encapsulation materials directly influence longitudinal wave
propagation, but shear properties and viscoelasticity also play
a critical role in the transducer flexural vibration [10]. Hybrid
hermetic–soft approaches were proposed for capacitive MUTs
(CMUTs) in implant applications, where a soft material cou-
ples the transducer to the hermetic package [11]. However, this
method can still cause unwanted multiple reflections between
the soft and hard layers, leading to additional loss, and thus,
a polymer-based encapsulation is a more promising approach
for ultrasonically powered implants. However, variations in
material properties, thicknesses, and deposition methods can
affect the received signal on the RX transducer. This article
systematically analyzes how different polymers affect the
receive performance of PMUTs by considering the acoustic
properties of the materials, their mechanical influence, and
acoustic mismatches between the soft polymer layers and the
harder PMUT layers. This article outlines the PMUT struc-
ture, encapsulation processes, and simulation/ experimental
methods in Section II. It compares materials and devices
with simulations, presents the measurement setup and sample
characterization results in Section III, and concludes the study
in Section IV.

II. METHODS

A. Piezoelectric Micromachined Ultrasonic Transducers

The 2 × 2 cm2 arrays of PMUTs built on cavity silicon-
on-insulator (C-SOI) wafers (Okmetic, Vantaa, Finland) were
used. Each device comprises 20 736 cells, each with a diameter
of 70 µm and spaced at a 120 µm pitch. The cells are grouped
in 16 independently addressable elements (5×5 mm2), labeled
from A to P, each comprising 1296 cells [Fig. 1(a)]. The basic
structure of a PMUT cell, shown in Fig. 1(a), consists of
a C-SOI substrate with a silicon dioxide (SiO2) passivation
layer. The vibrating element (i.e., aluminum nitride (AlN)
layer) is sandwiched between a bottom molybdenum (Mo)
and a top aluminum (Al) electrode. Finally, a silicon nitride
(Si3N4) layer acts as passivation for the entire array [3]. The
PMUTs have a resonance between 4.5 and 4.7 MHz in air, and
∼ 2.9 MHz in water, with a significantly larger bandwidth.

Fig. 1. Test structures and encapsulation methods (created with
BioRender.com). (a) Top view of the PMUT array layout including
distribution of the 16 elements and a cross-sectional schematic rep-
resentation of one PMUT cell. (b) Description of the encapsulation
processes used (i.e., spin coating for medical-grade silicones, lamina-
tion for TPU, and CVD for parylene-C).

B. Encapsulation Materials and Processes

The polymers listed in Table I were used for the material
investigations. Epoxy resins, a distinct category, have high
strength and good adhesion. However, these were excluded
from the study as they are generally very stiff compared
to other soft materials [12] and brittle as a result of their
highly crosslinked thermoset structure. This can lead to
cracking under stress, thermal cycling, mechanical loads,
or in body environments, especially in thin layers [8], [13].
Upon preliminary theoretical and experimental analysis of
the individual materials, for the encapsulation of PMUTs,
the material choice has been limited to Platilon 4201 AU
thermoplastic polyurethane (TPU), parylene-C, MED-1000,
and MED2-4213 silicones. The encapsulation procedure for
TPU, consisted in laminating 25-µm-thick material sheets
using a cleanroom-compatible thermocompression process at
6–7 bar and 160 ◦C. Due to the thermoplastic nature of the
material and the low topography of the PMUTs, the TPU
lamination process has the potential of providing reliable
tens of micrometer-thick conformal coatings. The used tem-
perature and pressure do not affect the structural integrity
of PMUTs [14]. For parylene-C, 5 µm were deposited by
means of chemical vapor deposition (CVD), where parylene
monomers were deposited onto the surface of interest at 30 ◦C
and 25 µbar. The CVD process offers high conformal coatings
even when a few micrometer-thick layers are desired. For
silicones, a spin-coating process was employed. First, both
MED-1000 and MED2-4213 were diluted with 50 % n-heptane
and spin-coated at a rate of 1000 rpm. MED-1000 cured at
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TABLE I
MATERIAL CLASSES AND SPECIFIC TYPES USED IN THE STUDY

room temperature in approximately 72 h, while MED2-4213
was cured at 150 ◦C for 15 min under 1.8 bar. No primer was
used during the spin-coating process. Even if the topography of
the PMUTs is not significant, a spin-coating process may still
lead to nonuniformity (particularly thickness variation between
center and edges) or potential defects of the layers (presence
of gaps between the PMUT and the coating, caused by lower
adhesion, particularly when no primers are used, or shrinkage,
and temperature cycling are significant).

C. Acoustic Characterization of Coatings

We analyzed the acoustic properties of the selected coating
films by simulating and measuring the acoustic wave trans-
mission coefficient (T ) through polymer layers of varying
thickness. For the simulations, we selected three thicknesses
(100 nm, 25 µm, and 1 mm), covering a wide range from
nm to mm scale. These correspond to the main deposi-
tion techniques (CVD, spin coating, and lamination) used to
encapsulate PMUTs. The 100-nm layer could also minimize
mass loading, thus preserving the resonance frequency and
sensitivity of PMUTs. Despite the water vapor permeability
of polymers, good adhesion and uniform interfaces can ensure
long-term stability, making thin layers viable encapsulants
([8], [9]). For the experiments, different thicknesses were used
depending on the setup. In the transmission measurements
through free-standing films, thicknesses of 25-µm Platilon
TPU, 12-µm Bionate PCU, 100-µm MED2-4213, 35-µm
MED-1000, 22-µm parylene-C, and 20-µm polyimide were
chosen for mechanical stability and ease of handling. In the
PMUT-based measurements (impedance and receive sensi-
tivity), application-relevant coatings, 25-µm Platilon TPU,
37-µm MED2-4213, 45-µm MED-1000, and thinner, such as
5-µm parylene-C, were used to reflect practical use and avoid
affecting cell performance. All thicknesses were chosen based
on deposition methods and compatibility with microfabri-
cated topographies. Numerical simulations based on [15], and
described in detail in [16], assume continuous transmission of
planar waves, with pressure and particle velocity continuity at
each boundary. As illustrated in Fig. 2(a), the model estimates
T through various material films, in a semi-infinite water
medium, taking into account reflections and attenuation of the
acoustic wave. The material properties used in the simulations
are listed in Table II. Density, ρ, speed of sound, c, acoustic
impedance Z (the product of density and speed of sound),
and bulk attenuation, α, at 5 MHz were measured according
to the methodology described in [17] using 40 × 40 × 2 mm3

Fig. 2. Simulation model and test setup used for evaluating the trans-
mission coefficient. (a) Simulation model for the polymer film materials,
where ρ represents the density, c is the speed of sound, t is the
thickness, α is the attenuation, and T is the simulated and measured
transmission coefficient. (b) Experimental setup used for measuring the
transmission coefficient through polymers (measurement 1, in yellow)
as well as the OCV of coated and uncoated PMUTs (measurement 2,
in green) (created with draw.io).

material slabs. The thickness was chosen such that the material
samples were significantly thicker than the wavelength, and
thus, the parameters of interest were accurately extracted.
Since for parylene-C and polyimide, such thicknesses were
unachievable, the values were based on previous literature.
Attenuation is a property dependent on and proportional to the
frequency used and the thickness of the material. Although
TPU has high attenuation at 5 MHz, at the target thickness
(25 µm), attenuation and related losses are low (∼ 0.1 dB).
Therefore, if compared to an average attenuation for soft tis-
sue (∼ 0.5–0.7 dB cm−1 MHz−1 [18], [19]), particularly if an
implant comprising encapsulated PMUTs is placed deep inside
the body, such attenuation of the encapsulation layer will have
a minimal impact. For the measurements, material films were
placed inside a water tank, between an unfocused 5-MHz
transmit (TX) transducer (V309-SU, Olympus, Tokyo Japan)
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and a 1-mm needle hydrophone (NH1000, Precision Acous-
tics, Dorchester, U.K.) [Fig. 2(b), measurement 1, in yellow].
The TX transducer was driven using 20-µs sinusoidal bursts,
modulated by a Hann window, thus resulting in a variable
number of cycles per frequency, generated by a function gener-
ator (Keysight 33600A, California, USA). The pulsewidth was
20 µs with 4-µs rising and falling edges, a pulse repetition fre-
quency (PRF) of 20 Hz, and the peak-to-peak amplitude of 1 V.
The signal was amplified using an RF amplifier (350 L, E&I,
New York, USA) with a 47-dB nominal gain. First, reference
measurements (without a polymer film) were taken, for fre-
quencies between 1 MHz and 7 MHz, in steps of 1 MHz, which
include the resonant frequencies of the PMUTs, both in air and
water, at a distance of 10 cm. To record the acoustic pressure
through materials and convert it into an electrical signal,
the needle hydrophone was connected through a DC coupler
(Precision Acoustics, Dorchester, U.K.) to an oscilloscope
(RTA4004, Rhode&Schwarz, Munich, Germany). On the
walls of the water tank, particularly behind the hydrophone,
under the sample, and lateral to the transducer, sample,
and hydrophone, absorbers (VK-76000, Gampt, Merseburg,
Germany) were placed in order to reduce reflections from
the tank walls. To further minimize errors and maintain con-
sistent measurement conditions, the samples were positioned
using a motorized 3-D stage (SFS630, Gampt, Merseburg,
Germany) at an equal 10-cm distance both from the transducer
and the hydrophone. This minimizes reflections, preventing
interference with the measured signal. To verify this, a 7-
MHz single-cycle pulse was sent through the polymer and the
time delay between the first reflection and the main recorded
signal was monitored. The hydrophone–transducer distance
was adjusted to ensure a time delay over 20 µs, which is
the pulse width used during the experiments. Pressure through
the polymer samples was then measured and the transmission
coefficient was calculated by subtracting the material measure-
ments from the reference measurements (assumed to have a
normalized transmission coefficient of 1), at each frequency.

D. Acoustic Characterization of Encapsulated PMUTs
1) Finite Element Modeling: Finite element modeling (FEM)

using ANSYS (Ansys Inc., Canonsburg, PA, USA) was per-
formed to predict the behavior of coated and uncoated PMUTs
in terms of electrical impedance and receive sensitivity. A
3-D FEM model of a periodic layout of circular PMUT cells
arranged in a square grid pattern, with the layer stack described
in Section II-A, was implemented using ANSYS APDL. The
top of the cells is encapsulated, while the 660-µm-thick bulk
Si of the PMUT is in contact with a 1.55-mm-thick FR4
printed circuit board (PCB). Both the PMUT cells and the
FR4 layer are coupled to a fluid medium (water). The solid and
fluid materials were meshed using hexahedral SOLID185 and
FLUID30 elements, respectively, while SOLID226 elements
were used to model the piezoelectric transduction effect.
To approximate coupling to an infinite propagation medium,
total reflection was assumed at the boundaries of the top and
bottom fluid domains. The acoustic attenuation in the encap-
sulation layer was modeled using a linear viscoelastic model,
employing a Prony series representation of bulk relaxation

TABLE II
MATERIAL PROPERTIES USED FOR SIMULATIONS

behavior. The coefficients of the Prony series were fit to match
the experimentally estimated bulk attenuation around 5 MHz,
following established methods for frequency-dependent damp-
ing in soft polymers [10], [22]. To calculate the electrical
impedance, a voltage generator modeled using the CIRCU94
element was applied to the top and bottom electrodes of the
PMUT cells. Harmonic analyses were performed with a uni-
form voltage excitation over the 1–7-MHz range for the bare
PMUT in air and water, as well as for different encapsulation
materials under water-coupled conditions. To calculate the
receive response, a uniform pressure excitation was applied at
the center of the fluid domain to generate a plane wave directed
toward the PMUT. Harmonic analyses were then conducted
over the same frequency range for each encapsulation material
in water-coupled conditions. Platilon TPU (25 µm), parylene-
C (5 µm), MED-1000 (45 µm), and MED2-4213 (37 µm)
silicones were considered for FEM modeling, as these were
later used for PMUT encapsulation and analysis. The acoustic
and mechanical properties used in the simulations have been
presented in Tables II and III.

Additionally, preliminary COMSOL modeling has been
employed to simulate the forces at the interfaces between
MED-1000 silicone and the PMUT cells. The model uses a
7.43-µm size triangular mesh, and it assumes PMUT cells
with the layer stack described in Section II-A and a 100 µm
encapsulation layer on top.

2) Impedance Measurements: Impedance on uncoated and
coated PMUTs was measured with 1601 points per measure-
ment, between 1 and 7 MHz using an impedance analyzer
(Keysight E4990A, CA, USA). A total of 144 individual
elements from nine uncoated and wire-bonded samples were
measured in air and deionized (DI) water (an excellent cou-
pling medium with acoustic impedance similar to soft tissue).
For the water-coupled measurements, each PMUT sample
was placed inside the water tank, facing an absorber to
prevent reflections from influencing the measurements. Next,
the samples were coated with different polymers, as described
in Section II-B, and remeasured. Each polymer was deposited
on a separate uncoated sample (a total of 16 elements per
polymer were measured). Encapsulation with Platilon TPU
was not possible on wire-bonded PMUTs due to potential
damage to the wires during the encapsulation process. Thus,
the sample was first coated and then wire bonded, and its
impedance measurements were compared to other uncoated
devices. Since PMUTs show broadband behavior in DI water,
air-coupled impedance measurements were primarily used for
comparison. An initial system calibration was required, con-
sidering additional components, such as cables and PCB, thus
increasing the signal-to-noise ratio. For the uncoated devices,
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measurements were first averaged across elements within each
device. The final plotted result represents the average of these
element-averaged values across all uncoated samples, along
with the standard deviation. For the coated devices, since each
coating corresponds to a single device, measurements were
averaged across elements, and this average was plotted with
its associated standard deviation.

3) Receive Sensitivity Measurements of PMUTs: Measure-
ments on uncoated and coated PMUTs were conducted to
evaluate the effect of soft encapsulation on the received energy.
The setup in Fig. 2(b) (measurement 2, in green) is the same as
for the material characterization, but the material samples were
replaced by functional PMUTs. First, the output pressure of
the TX transducer (described in Section II-C) was evaluated in
its far field, at a fixed axial distance of 25 cm, corresponding to
the position where the PMUT was later placed for evaluation.
Manual alignment was employed to determine the lateral
position of the hydrophone with respect to the TX transducer,
where the maximum output pressure of the transmitter was
recorded. At that fixed location, the output pressure was then
measured over frequencies between 1 and 7 MHz, in steps
of 0.2 MHz. The input impedance of the oscilloscope was
set to 1 M�. Additionally, a second 2-D scan measurement
was performed to further evaluate any changes in the beam
profile of the TX transducer over the frequencies of interest.
Finally, the recorded voltage (for both types of measurements)
was converted into pressure, considering the sensitivity of the
needle hydrophone used. To measure individual elements, the
PMUT was moved in the Y - and Z -directions with respect
to the TX transducer, using an automated 3-D stage. The
measured open-circuit voltage (OCV) of each PMUT element
was recorded once for each frequency. Given the measured
OCV and the pressure at the PMUT location, the RX sen-
sitivity of each element was calculated by dividing the two
values, and the average over all elements and the respective
standard deviation were plotted. Since more uncoated devices
were measured, the averaging and standard deviation were
calculated and plotted following the same principle described
in Section II-D2. Small variations in the measurement setup,
such as water level and sample positioning, could introduce
errors. To address these, the setup was further characterized by
evaluating lateral and angular misalignments between the TX
transducer and PMUTs. The TX transducer was first aligned
with respect to the PMUT, driven as described in Section II-C,
in steps of 1 MHz and moved with respect to the PMUT as
follows: for the lateral misalignment measurements, in steps
of –1 and 1 mm in Y and Z , and for the angular misalignment,
in steps of 1◦, left and right. The measurement error was either
evaluated across ten consecutive measurements, with the error
calculated and plotted as a standard deviation, or by changing
the measurement conditions after each measurement.

III. RESULTS AND DISCUSSION

A. Acoustic Characterization of Coatings

The selected thickness range for evaluating the transmis-
sion coefficient reflects typical values for neural interface
substrates and encapsulation. Fig. 3(a) highlights the key

dependencies for the frequency range of interest: material
attenuation differences at the same thickness and distinct
resonance peaks in thicker films due to changing resonance
conditions. A preliminary classification for the materials can
be derived with MED2-4213, overall having the highest trans-
mission coefficient due to the relatively low attenuation and
minimal acoustic impedance mismatch with water (Table II).
It is followed by parylene-C, MED-1000 (although this can
alternate for low frequencies and thin layers, it can be assumed
that the difference between the two materials is relatively
small), polyimide, and polyurethane (Platilon and Bionate).
For thicknesses in the nanometer range, the transmission coef-
ficient remains above 99.9 %, with negligible losses. Even for
micrometer range, although T has a tendency to drop for some
materials, T is always above 90 % at a maximum frequency
of 7 MHz. As shown in Fig. 3(b), the measured (solid lines)
and simulated (dashed lines) transmission coefficients align.
The thicknesses of the material samples were different and
dependent on the deposition processes. The larger variations
observed for silicones are likely due to the nonuniformity of
the spin-coated layers. This was most notable for MED2-4213,
where white light interferometry showed micrometer-scale
surface roughness. Yet, T remained above 94 % in all cases.

B. Mechanical Analysis of Coatings
Mechanical properties and residual stress inside polymers

may limit the movement of PMUT cells, potentially reducing
their performance. The two silicones investigated have differ-
ent crosslinking mechanisms: MED-1000, a one-component
self-curing silicone, cures in the surrounding humid atmo-
sphere, but exhibits a shrinkage effect, potentially affecting
membrane deflection. MED2-4213, a two-component silicone,
cures without shrinkage and thus without internal stresses. Pre-
liminary COMSOL modeling shows that the residual stresses
of MED-1000 silicone layer are 4 kPa, leading to an upward
lift of the membranes of approximately 4 nm. To support
the future selection of materials and thicknesses for PMUT
encapsulation, the tensile strength, Young’s modulus, as well
as elongation properties (Table III) were analyzed, from a
theoretical perspective. For example, polyimide is significantly
stiffer, with Young’s modulus 3–4 orders of magnitude higher
than silicones and TPU, and elongation one order of magnitude
lower than the rest of the materials. Since it is expected to
restrict the movement of the PMUT cells, thus significantly
reducing the receive sensitivity of the devices, it was excluded
from further studies in this article.

C. Electrical Impedance Analysis
Air- and water-coupled electrical impedance was evaluated

by means of FEM and measurements on coated and uncoated
PMUT samples, and the results are shown in Fig. 4. The
air-coupled simulations in Fig. 4(a) indicate a shift in the res-
onance peaks for the encapsulated PMUTs, from ∼ 4.7 MHz
to frequencies between 2.1 and 2.5 MHz for silicone and
TPU-coated PMUTs, and ∼ 4.2 MHz for parylene-C-coated
PMUTs. This is due to the fact that the additional layers
change the resonator characteristics of the PMUT by adding
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Fig. 3. Acoustic characterization of materials. (a) Simulated transmission coefficient through polymer thicknesses of 100 nm, 25µm, and 1 mm.
An inset for thin layers (100 nm) was added. The transmission coefficient decreases with increasing thicknesses and frequencies. The resonance
peaks and changes in resonance conditions are visible, particularly for thick layers. (b) Measured (solid lines) transmission coefficient juxtaposed
against simulations (dashed lines) for thicknesses and materials of choice. The transmission coefficient in all considered cases is above 94 %.

TABLE III
LIST OF MECHANICAL PROPERTIES OF CHOSEN

POLYMER FAMILIES

additional mass and stiffness to the membranes. A stiffer
coating, such as parylene-C, often indicates a higher resonance
frequency, compared to softer polymers, such as silicones and
TPU [Fig. 4(a)]. The dampened peaks can be attributed to
the viscoelasticity of the polymers, which in turn can lead
to energy dissipation within the coating. The slightly wider
resonance peaks (for TPU and parylene-C-coated samples)
indicate an improvement in the acoustic matching by pro-
viding a better transition between the high PMUT and the
low air acoustic impedance. A similar effect occurs when
the samples are water-coupled. As shown in Fig. 4(b), the
resonance peaks are significantly broadened in water, for
all PMUTs, regardless of their coating. The inset reveals
this broad resonance, centered around 3 MHz. This, in turn,
indicates a significant improvement in the impedance matching
between PMUTs and the surrounding medium. Although some
variations are present, the measured results in Fig. 4(a) and
Fig. 4(b) (air- and water-coupled) show similarities to the
simulations. The measured air-coupled resonance frequency in
Fig. 4(a), for the 45-µm-thick MED-1000 silicone and 25-µm
TPU-coated devices, shifts to lower values, as predicted by the
simulations. In Fig. 4(a), it can be noted that the resonance
peak for the 5-µm parylene-C-coated devices is highly damped
and widened, possibly due to internal stresses in the film
which modify the overall stiffness of the membrane, introduc-
ing additional damping. An interesting discrepancy arises in

the 37-µm MED2-4213-coated samples, where the measured
air-coupled resonance frequency is higher than in simulations
[Fig. 4(a)]. A likely cause can be the partial detachment of the
material from the surface of the PMUT, leading to the presence
of gaps between the PMUT and the encapsulation (i.e., air
interface), which could lead to an increase in the resonance
frequency. These types of defects could be assessed using
destructive techniques such as cross-sectioning or focused
ion beam-scanning electron microscopy (FIB-SEM). However,
since these methods cause irreversible damage to the samples,
they were not used. It can also be noted that the standard devi-
ation in the phase plot increases with frequency, both for the
air- and water-coupled measurements [Fig. 4(a) and (b)]. This
is most likely a systematic effect due to a nonperfect system
calibration prior to the measurements. Although the scale for
the plots in these figures is different for a better illustration
of the results, the standard deviation trend is similar. During
calibration, the additional components comprising the setup
are taken into account, except for the on-chip resistance of the
PMUT, which is larger for inner elements, due to the longer
traces to the pads. This, in turn, adds to the overall electrical
impedance. The water-coupled simulations in Fig. 4(b) assume
the real-case scenario, where the PMUT was stacked on top
of a PCB and surrounded by water. The variations observed
in the measured phase plot, compared to the simulations, can
be caused by the on-chip resistance of the PMUTs. Although
a correction was applied by subtracting the on-chip resistance
(assumed to be the real part of the air-coupled impedance at
high frequencies) from the water-coupled measurements, the
correction factor may still vary more than estimated.

D. Receive Sensitivity of Uncoated and Coated PMUTs
The simulated results, illustrated in Fig. 5(a), show that

for all coated PMUT devices, the receive sensitivity is com-
parable to that of an uncoated PMUT. Small deviations are
present, particularly for the parylene-C-coated sample, where a
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Fig. 4. Impedance evaluation of coated and uncoated PMUTs. (a) FEM simulations and measurements of air-coupled electrical impedance. The
resonance peaks, together with the frequency shift and dampened peaks for the simulated encapsulated samples, can be observed. Measurements
show higher resonance for MED2-4213-coated samples than simulations, potentially due to the presence of air gaps between the encapsulation
and the PMUTs. (b) FEM simulations and measurements of water-coupled electrical impedance. The broadband behavior of the PMUTs in DI water
makes the resonance peaks not clearly visible. The large standard deviation in the phase can be attributed to the on-chip resistance of the PMUTs.

maximum drop in RX sensitivity of ∼ 25 %, at low frequencies
can be observed. This drop in the receive sensitivity (derived
according to the methodology described in Section II-D3,
while also considering the sensitivity of the needle hydrophone
used for pressure measurements [Fig. 5(c)] is also observed in
Fig. 5(b) and can be attributed to the mechanical properties
of the material (i.e., stiffness) rather than to the acoustic
ones. As shown in Fig. 3, all materials with thicknesses
of tens of micrometers, exhibited T above 94 % across the
1–7-MHz range. Therefore, the selected materials and coat-
ing thicknesses can be considered acoustically transparent.
Although parylene-C is intrinsically stiffer than the other
polymers, reflected in its higher Young’s modulus (Table III),
a property independent of thickness, the mechanical loading it
introduces depends on its flexural rigidity, which is a function
of both Young’s modulus and the cube of the thickness.
Consequently, using thinner parylene-C layers could reduce
the mechanical damping of the PMUT membrane and poten-
tially improve receive sensitivity. However, depending on the
application, further reduction in thickness may not be feasible
due to constraints related to handling, mechanical durabil-
ity, or encapsulation performance. The simulations shown in
Fig. 5(a), as well as the measurements in Fig. 5(b) reveal
periodic resonance peaks which can be attributed to the PCB
material, having the fundamental frequency around 1.5 MHz
and all other harmonics at higher frequencies. Moreover,
for the TPU-coated sample, at frequencies around 1 MHz
[Fig. 5(a)], an additional peak can be observed. This can
be attributed to one of the shear mode resonances of the
material itself. These, however, do not seem to affect the
RX sensitivity of the simulated samples. For the measured
samples, however, the frequency at which the peaks appear
does not accurately match the simulations. This is due to the
mismatch between the assumed PCB material properties and
the actual values. The slight decrease in the overall recorded
sensitivity magnitude [Fig. 5(b)] for all samples, compared
to the simulations [Fig. 5(a)] is expected and assumed to be

caused by additional components such as cables, that are not
considered in the simulations, by the error introduced by the
measurement setup [Fig. 6(a)], or by the low TX sensitivity of
the TX transducer at the resonance frequency of the PMUTs
[Fig. 5(d)]. If variations occur between samples, these will
be reflected in the averaged results. It is important to note
that in case some of the elements under measurement were
completely unresponsive due to damage to the membranes or
the wire bonds, they have been excluded from the averaging
and, thus, from the final analysis. Compared to the simulations,
the trend in the measurement results is generally followed by
the PMUTs. For MED2-4213, it can be observed [Fig. 5(b)]
that the sample exhibits an RX sensitivity similar to the
average RX sensitivity of uncoated PMUTs, thus accurately
matching the simulations. White light interferometry showed
that MED2-4213-coated samples had a thickness variation of a
few micrometers from the center to the edge. However, due to
the fact that its acoustic impedance is closer to water, leading
to little reflections at the interface, increased softness, and lack
of residual stress upon curing, the thickness variation does not
have a negative impact on the overall receive sensitivity. The
predicted RX sensitivity for MED-1000, on the other hand,
is not reproduced by the measurement results. The drop in
sensitivity as well as large standard deviation (larger than for
the rest of the samples) can be attributed to the residual stresses
that the material applies to the PMUT cells, as discussed
in Section III-B, potentially leading to a partial detachment
of the material, limiting acoustic wave transmission to the
PMUT cells, and thus significantly reducing the measured
OCV, which, in turn, results in a decrease in the received
pressure. The spin-coated layer, as opposed to MED2-4213,
did not indicate a thickness variation. Similar to MED2-
4213, MED-1000 is soft, with an acoustic impedance closer
to water. The only differentiating factor, which leads to a
significant drop in the receive sensitivity, is the shrinkage
effect present upon curing. For TPU-coated samples, the
measured RX sensitivity is lower than predicted and assumed
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Fig. 5. Receive sensitivity of PMUTs. (a) FEM simulations. Coated samples exhibit similar receive sensitivity as uncoated PMUTs. A maximum
drop of 25 % in the receive sensitivity at low frequencies can only be observed for a simulated parylene-C-coated sample. (b) Receive sensitivity
measurements of PMUTs. The measured receive sensitivity of MED-1000 coated PMUTs is significantly lower than predicted in the simulations,
potentially due to the residual stress applied by the polymer. (c) Sensitivity of a 1-mm needle hydrophone, plotted according to the values specified
in the datasheet. (d) Output pressure of TX transducer measured in its far field, at a distance of 25 cm. The highest output pressure is measured
around the resonance frequency of the transducer. (e) 2-D scan of the output pressure of TX transducer measured in its far field, at a distance
of 25 cm. The dotted line represents the area of highest intensity and is then plotted in (f) to illustrate the beamwidth. (f) Width of the TX beam
extracted from the 2-D scans of the measured output pressure of the TX transducer. The change in output pressure as well as beam profile is
visible with the change in frequency.

to be such due to the nonuniformity of the laminated layer. The
white light interferometry indicated a surface roughness in the
hundreds of nanometer scale and a thickness variation of a few
micrometers. Although the variation is similar to the one for
MED2-4213, this, coupled with the higher acoustic impedance
of TPU, resulting in more reflections, as well as its increased
stiffness compared to MED2-4213, limiting the free movement
of the membrane, leads to a drop in the measured RX
sensitivity. Another important aspect observed in the measured
data in Fig. 5(b) is the decreased RX sensitivity at particular
frequencies. This can be caused by the fact that frequencies
above ∼ 4 MHz are outside the frequency bandwidth of the
PMUTs, in water. Moreover, frequencies around 1 MHz are
also outside the frequency bandwidth of the TX transducer
[an effect shown in Fig. 5(d)]. Therefore, both the transmit
sensitivity of the TX transducer and the receive sensitivity of
the PMUT are considerably low in those ranges. Important
to note is the low TX sensitivity of the TX transducer also
around the resonance frequency of PMUTs, which introduces
an overall drop in the RX sensitivity of the measured devices,
compared to the simulations. Additional 2-D scans of the
TX transducer have been carried out to evaluate the changes,

not only in the intensity of the transmitted acoustic beam
[Fig. 5(e)] but also in its profile, evaluated where the maxi-
mum intensity, in the Z -direction, was recorded. As illustrated
in Fig. 5(f), the higher the frequency, the narrower the acoustic
beam gets. This, in turn, can influence the results obtained
while measuring the OCV of the PMUTs. Assuming that
misalignment can occur, if the beam, at high frequencies,
is narrow or even narrower than the element under measure-
ment (5 × 5 mm2), a significant drop in the receive sensitivity
can be observed. Additional factors, including measurement
error, that can affect the results and cause discrepancies were
explored in Fig. 6. To quantify the setup error, ten consecutive
measurements were performed on the same sample without
changes, and the results indicated a maximum error of ± 2 %
[Fig. 6(a)], around 5 MHz, the resonance frequency of the TX
transducer. The maximum error recorded for the resonance
frequency of the PMUTs (2.9 MHz), however, is less than
± 0.5 %, thus significantly low. Furthermore, setup changes
introduce errors. Measurements on different days, requiring
the sample to be removed from the stage or disassembling
of the setup between measurements, cause OCV fluctuations,
even with the same settings [Fig. 6(b)]. Equally important is
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Fig. 6. Measurement variability and setup error. (a) Measurement error after ten consecutive measurements on the same sample. A maximum
error of ± 2 % was recorded, at 5 MHz, whereas a maximum error of ± 0.5 % was measured at 2.9 MHz, the resonance frequency of the PMUTs.
(b) Normalized single OCV measurements for one uncoated RX PMUT under different setup conditions. The highest drop is observed when the
measurement setup is partly reassembled, between measurements. (c) Error from angular misalignments of up to 5◦ in both left (L) and right (R)
directions of the TX transducer relative to the measured PMUT. A decrease up to 20 % in the measured OCV, for 1◦ misalignment, for the highest
measured frequency is recorded. Error introduced by lateral misalignments of up to −5 mm and 5 mm both in Y - and Z -directions. A misalignment
of 5 mm leads to a decrease in the measured OCV up to 60 %, for the highest measured frequencies.

the effect of misalignment. In Fig. 6(c), both angular mis-
alignment and lateral misalignment were evaluated. Angular
misalignment of even a 1◦ could potentially lead to a decrease
of up to 20 % in the measured OCV, for the highest measured
frequency. For small lateral misalignments, the effect does not
appear to be as significant. However, it can be noted that a
misalignment of 5 mm leads to a decrease in the measured
OCV of up to 60 %, for the highest measured frequencies.
Similar results have been previously simulated and reported
in [27].

IV. CONCLUSION

This study evaluates the receive performance of
polymer-coated PMUTs for implantable devices through
simulations and experiments. All tested polymers exhibited
high acoustic transparency (T > 94 %) at relevant thicknesses
and frequencies, confirming their suitability for ultrasonic
energy transfer. However, receive sensitivity is influenced
not only by acoustic transmission but also by mechanical
interactions between the coating and the PMUT membrane.
Based on our results, three key material-related factors govern
performance:

1) acoustic transparency, which ensures minimal signal
attenuation through the coating;

2) acoustic impedance matching at interfaces, which
reduces reflection losses;

3) flexural rigidity, which depends on both Young’s mod-
ulus and thickness, and determines the extent to which
the coating dampens membrane motion.

Stiffer coatings such as parylene-C reduced PMUT sensitivity
but, when applied in thin layers, performed comparably to
softer materials like MED2-4213, which preserved membrane
mobility even at greater thicknesses. Similarly, TPU per-
formed well, with good conformality. Finally, PCB substrate
effects and setup variations were shown to impact measured
sensitivity, underscoring the importance of system-level con-
siderations. These findings offer a framework for designing
effective PMUT encapsulation strategies.
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