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Piezo Capsule: Ultrasonic Way of Wireless Pressure

Measurement

Senol Mutlu, Amirreza Aghakhani, and Metin Sitti*

Heart failure (HF) rates elevate worldwide with the aging population.
Miniaturized and wireless implants with real-time data transfer capability can
alleviate the surgical complexities of cardiac pressure monitoring. Despite recent
developments of mm-size implants with complex circuitries and self-powering
units, a simple, passive, and effective implant design for the real-time pressure
reading is missing. Here, the piezo capsule, a simple, cost-effective, and mini-
aturized passive ultrasound pressure sensing system, is introduced. The capsule
design consists of a 1 mm-cube-sized lead zirconate titanate (PZT) transducer
and a T-shaped mechanical pin. The impedance changes of an interrogating
ultrasound probe, which is ultrasonically coupled to the receiver implant, cor-
relate to the electrical/mechanical loading of the piezo capsule. The ultrasonic
sensing properties of the proposed device are characterized across a hard-solid
medium (e.g., plexiglass) and soft tissue-like media (e.g., polydimethylsiloxane
(PDMS) and chicken breast tissue) and verified the impedance changes using
finite element simulations. Last, dynamic wireless pressure readings of an
artificial vessel for varying fluid flow pulse-frequency and volumetric rate are
demonstrated. The sensitivity of 0.375 QkPa ' is achieved as the pressure
changed from 14 to 86 kPa and pulse frequency from 0 to 100 bpm with a fixed

flow rate of 8 mL min—".

cost. Permanent implants with real-time
intracardiac hemodynamic monitoring
capability under ambulatory conditions
offer viable solutions and can provide
personalized and cost-effective care.”!
Miniaturization and wireless operation
are key requirements for the successful
deployment of these implants in clinical
applications.!]

In the absence of wireless operation,
transdermal or percutaneous wires become
the primary sources of infection, failure,
manufacturing cost, and discomfort to
the patient.”! The battery is also not a
preferred option since it puts a limit on
the overall size of the implant and shortens
its lifetime. Miniaturization of implants is
necessary to reduce their adverse impacts
on the body, e.g., blocking any artery flow!®!
or giving discomfort to the patient. In the
future, it would become imperative to
record pressure values from multiple sites
of the heart and arteries to detect other
pathologies or to use ventricular assist
pumps.’! Hence, small volumes (less than
1mm?), independent, free-floating, and

1. Introduction

Heart failure (HF) is the inability of the heart to provide adequate
blood flow to the body, affecting around 26 million people world-
wide, which increases with the aging population.'! Pulmonary
arterial pressure values are often used to diagnose heart failure
conditions first and then to monitor them. These measurements
are often done in uncomfortable and expensive clinic visits.””
Alternative health management strategies are needed to extend
and improve the quality of life for HF patients at an affordable

wireless pressure sensor modules in large quantities are much
needed for HF patients. Sufficient wireless operation distances
with small volumes without violating the specific absorption rate
(SAR) limits are the stringent constraints,”) which must be
overcome.

For this purpose, wireless power transmission (WPT) and
energy harvesting technologies have been extensively studied
for implantable medical devices. Radiofrequency (RF), mostly
inductive  coupling,P®!  ultrasonic,'***  optical, >
electrostatic,'®'? electromagnetic,?®2% thermoelectric,** and
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triboelectric!?>~?*) methods have been investigated. Among these,
RF and ultrasonic methods have emerged as viable solutions to
overcome the long operation range and low power density
constraints of miniaturized wireless sensory implants.%*2°-33!

RF methods in the form of two closely coupled coils have
shown successful clinical results. For instance, CardioMEMS
is an RF-based wireless blood pressure sensor that utilizes a
hermetically sealed resonant circuit of an inductor coil and a
micro-electro-mechanical system (MEMS) based capacitive pres-
sure sensor.*”! It works over a distance of 20 cm with a size of
3.5 x 2 x 15 mm® and is implanted in increasing numbers of HF
patients with high success.”>* Another wireless and batteryless
implantable hemodynamic monitor system, called Titan, has
been developed for long-term monitoring of cardiac function
which comprises a MEMS pressure sensor, application-specific
integrated circuit (ASIC), and a telemetry antenna for RF
communication with an 18 mm overall size.>?*! In general,
RF systems require large coil sizes for operation because of
the MHz radiofrequency range. Typically, the low-MHz region
from 3 to 30 MHz is a good compromise between tissue absorp-
tion losses and coil size.”! Downscaling the coil size to the
millimeter range can only be achieved using the GHz frequency
range with the cost of larger tissue path losses®”! and design
complexity.*% Regulations also put stringent limitations on
the maximum possible transmitted RF power to biomedical
implants, e.g., 1 mW cm > power densities for frequencies from
100 to 300 MHz.1%! To overcome these shortcomings, ultrasonic
WPT has been leveraged as a viable alternative to power and com-
municate with sub-mm-sized implants in the human body.*”!

Ultrasonic WPT offers smaller power losses through the
human body, compared to the RF one. As a comparison, ultra-
sound power transfer through a brain tissue of 2 mm thickness
results in only 1dB attenuation at a wavelength of 150 pm
(10 MHz), whereas an RF WPT with a wavelength of 5mm
(10 GHz) results in 20dB attenuation. The low sound wave
velocity in tissue allows ultrasonic operation at dramatically lower
frequencies of around 1 MHz for miniaturized sensory implants
with sizes less than 1 mm.""*!] Moreover, according to Food and
Drug Administration (FDA) regulations, the maximum allowed
derated spatial peak temporal-average intensity (Ispra.3) of acous-
tic exposure is 430 mW cm 2 for cardiac use,[*? which is much
larger than what is allowed for RF WPT.

Recent developments of ultrasonically powered miniaturized
wireless and batteryless implants include neural dust,*>** active
implantable pressure sensor system,** and temperature sensor
system.' Neural dust is an implantable neural stimulator that
incorporates a piezoelectric transducer, an energy-storage capac-
itor, and ASIC in a 1.7 mm? volume, which may achieve a 70 mm
working distance at 1.85 MHz.**! A hand-held external piezoelec-
tric transducer that is ultrasonically coupled to the piezoelectric
transducer of the implant provides power and bidirectional com-
munication with backscatter modulation, similar to passive radio
frequency identification (RFID) tags."” Similar systems in the
form of fully packaged miniature implants with ASIC, an energy
storage capacitor, piezoelectric transducer, and a sensor node in
the form of a pressure sensor'* or temperature sensor!' have
been developed to work with ultrasonic data uplink. Efficient
ultrasonic power links for sub-mm sized piezoelectric receivers
have been shown to have link efficiencies of 1.93% and 0.23% at
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tissue depths of 6 and 10 cm, respectively, with an optimal carrier
frequency range of around 1-2 MHz.**) However, designing
such miniature systems with ASICs that are low-power!*®! and
capable of communicating at distances of centimeters is
challenging and needs high investments.!*”) In contrast to the
extensive and impressive research efforts on wireless ultrasonic
miniaturized systems, no simple, cost-effective, and passive HF
pressure sensing system, an alternative to RF ones, has been
developed yet.

Here, we introduce the piezo capsule, a simple and passive
wireless pressure sensing system for HF monitoring that uses
a single 1 mm cube-sized lead zirconate titanate (PZT) transducer
and a T-shaped mechanical pin. The key point of the implant
design is the lack of complex electronics which facilitates the ease
of use and reduces costs. Exploiting the physics of acoustic cou-
pling between two piezoelectric elements, we could establish a
real time, wireless dynamic pressure reading. The PZT material
used in this work is an off-the-shelf product, known for its high
piezoelectric coefficient*"! Furthermore, using an integrated
mechanical T-shaped design, we could amplify the pressure
received on the PZT cube surface, leading to an enhanced acoustic
coupling between the transmitter (TX) and receiver (RX).

The piezo capsule is ultrasonically coupled to an interrogating
larger-sized, custom-made ultrasound probe which has the same
resonant frequency as that of the piezo capsule (Figure 1A,B).
This single piezo capsule enables wireless dynamic pressure
readings as its resonance frequency and complex impedance
change under mechanical loading, ie., pressure. A novel
T-shaped pin can focus the incident vessel pressure onto the
piezo transducer, the effect of which can be ultrasonically picked
up by the piezo probe. In this work, we first characterize the
ultrasonic coupling of a 1 mm? piezo cube and its interrogating
piezo probe across hard-solid and soft tissue-like media. Then,
we demonstrate dynamic wireless pressure readings using the
piezo capsule successfully embedded on a vessel-like polyure-
thane tube inside a bulk PDMS, mimicking body tissue.
Using a pulsatile pump, we achieve a realistic pulsatile flow
inside the artificial vessel and record the pressure amplitude
via a reference wired pressure sensor. Simultaneously, the
impedance analyzer recording of the interrogating piezo probe,
which is ultrasonically coupled to the piezo capsule, shows a
good correlation with the reference pressure profile for different
volumetric flow rates and pulse frequencies. The simple,
versatile, and passive piezo capsule proposed in this study could
be used for long-term pressure reading in cardiac applications.

2. Results

2.1. Design and Working Principle of the Piezoelectric Capsule

The design concept of a piezoelectric capsule implant with an
interrogating piezoelectric probe is shown in Figure 1A,B.
The center axis of the piezo probe (TX) is aligned with the embed-
ded piezo capsule (RX) to achieve optimum acoustic coupling.
The front and backside electrodes of TX are connected to an
impedance analyzer for monitoring and recording the amplitude
and phase of the piezo probe’s impedance in the frequency
domain. The frequency-dependent impedance waveform of TX
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Figure 1. Ultrasonic pressure measurement concept. A) The 3D schematics of the experimental setup with the transmitter (TX) and receiver (RX) pie-
zoelectric elements are separated by tissue-like material. The Receiver piezo capsule is attached to the outside of a pulsating vessel. B) The close-up image
of ultrasound pressure measurement setup, with impedance analyzer for sending and receiving the signal through the piezo probe (TX). The piezo
capsule is composed of a T-shaped pin coupled to the piezo cube (RX) to amplify the mechanical transmittance of the vessel pressure. C) The sample
waveforms of the impedance (Q) versus time that follows the pressure (Pa) profile of the pulsating vessel. D) The equivalent circuit model of the
electromechanical system, consisting of the impedance analyzer, the piezo probe (TX), the piezo capsule (RX), tissue, and the incident pressure input.

changes when there is a change in the loading (mechanical or elec-
trical) of RX. For instance, if there is a pressure change transmit-
ted upon RX (Figure 1B) due to a pulsating flow in a vessel, the
impedance analyzer can sense it in real time. Figure 1C shows a
typical waveform of TX impedance at a specific frequency which
follows the varying pressure profile at RX’s site with time. This
allows us to wirelessly measure any mechanical/electrical loading
at the embedded location of the piezo capsule.

Extensive studies on ultrasonic wireless power transfer have
already given the tools to analyze and design ultrasonically cou-
pled piezoelectric transducers. Equivalent circuits for elementary
piezoelectric transducers connected to the center of an acoustic
transmission line have been introduced.*® Optimal electrical
load calculations have been made using the Krimholtz—
Leedom-Matthaei (KLM) model to maximize ultrasonic energy
transfer.***% Details of ultrasonic transcutaneous energy trans-
fer to power implanted devices have been investigated using PZT
discs.'? The equivalent electrical circuit of the TX-Tissue-RX sys-
tem is depicted in Figure 1D, where the input load is reflected
upon the piezo capsule (RX) and measured via the impedance
analyzer of the interrogating probe (IX).

We used off-the-shelf PZT material for the piezo capsule
design. The main advantage of PZT over other piezo materials
is its high piezoelectric coefficient which leads to higher perfor-
mance. Even though polyvinylidene fluoride (PVDF) and single-
crystal lithium niobite (LiNbO3) are preferred for large aperture
transducers because of their low dielectric permittivity,*!! PZT is
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popular because it has better sensitivity, thermal operation range,
loss tangent and electromechanical coupling coefficient, which is
critical to the link efficiency, compared to other piezoelectric
materials. The electromechanical coupling coefficient is a figure
of merit that describes the ability of the piezoelectric material to
do conversion between electrical and acoustic energies."”
However, the lead content of PZT may raise concerns in clinical
trials. To avoid this, it can be encapsulated. On the other hand, bio-
compatible piezoelectric materials exist with properties similar but
inferior to PZT. These include aluminum nitride (AIN), zinc oxide
(Zn0O), and barium titanate (BaTiOj;). Piezoelectric coefficients of
AIN and ZnO are 10% of BaTiOs. Therefore, BaTiO; transducers
can be alternative.*") When used in place of PZT, however, it causes
a reduction in acoustic power conversion of ~27%."

To understand and characterize the proposed ultrasonically
coupled system, we have first analyzed the impedance waveform
in the frequency domain in hard and soft coupling media. Then,
we have demonstrated a wireless pressure sensing of a pulsating
vessel, emulating the artery pressure in different flow and pulse
rates, which are explained in the following section.

2.2. Ultrasonic Coupling of Piezoelectric Transducers Through
Hard Media

To understand the acoustic coupling between TX and RX
through a hard medium, we bonded the piezoelectric

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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transducers with central axis alignment to opposite sides of a
plexiglass substrate (10 mm thickness), shown in Figure 2A.
The target RX (1 mm cube) was connected to a varying capacitive
load, whereas the TX (6.5 mm diameter) was connected to an
impedance analyzer. We constructed an equivalent acoustic
coupling system in a finite element software (COMSOL) to
numerically obtain the acoustic pressure between TX, RX, and
the medium. Figure 2B shows the acoustic pressure field
generated at the cross-section of the medium upon excitation fre-
quency of 2.3 MHz and input voltage of 1 V on TX. The acoustic
waves generated by the piezo transducer TX could penetrate deep
enough to reach RX (=1 cm distance), enabling remote ultra-
sonic communication. To monitor the communicating signals,
we used an impedance analyzer to measure the frequency-
dependent impedance amplitude of TX. Figure 2C shows the
frequency response impedance amplitude of TX when the RX

www.advintellsyst.com

was electrically connected to a range of capacitive loads. As
the remote 1 mm?® PZT cube was loaded with different capacitive
loads, the impedance of the interrogator was measured using an
impedance analyzer, e.g., as the load changed from 6 to 12 pF,
impedance change of 2.5 Q was measured at 2.254 MHz on the
interrogating piezo site. The change in the impedance amplitude
is especially large close to the resonant frequencies of the trans-
ducers, the frequency at which the maximum acoustic energy is
transferred. Note that the electrical load on RX can alter the inci-
dent acoustic waves generated by TX. Figure 2D depicts the
acoustic pressure change on the x-axis of the top RX surface
(which is bonded to the medium) for varying capacitive loads.
This change in the acoustic pressure then leads to the change
in the impedance waveform of TX. The maximum change of
the impedance amplitude A|Z| to different electrical loads can
reach almost 10Q, as experimentally shown for a selected

10 mm

B ~ . oo

A
C
930
920 4
910 4
= ]
5 900 1
= ] 6 pF 98 pF
890 4 —— 12pF 221 pF
880-5 —e— 32pF 297 pF
1 —— 52pF
870-""I""I""I""I
2.270 2.275 2.280 2.285 2.290
Frequency [MHz]
E
15
Experiments
10
5
d o
g —
N
I ] —— 6pF —e— 98 pF
103 —— 12pF 221 pF\_/
—e— 32pF 297 pF
159 52 pF
-20

223 224 225 226 227 228 229 230
Frequency [MHz]

Acousic Pressure [Pa]

T 325
=
2 30.0 A .><
=]
g RX
o 27.5
o
o 6 pF
% 25.0 1 12 pF
3
< 253 s2or
20.0.'-|"'|"'|"'|"'|"
-0.4 -0.2 0.0 0.2 0.4
x [mm]
15
Simulations
10
5
d o
N 5
I 2T —— 6pF 98 pF
104 —— 12pF 221 pF
—— 32pF 297 pF
-15 —e— 52pF
=20 Trrrrrrr T LI

223 224 225 226 227 228 229 230
Frequency [MHz]

Figure 2. Characterization of wireless impedance sensing of a receiver piezo element (RX) through a hard-solid medium. A) The experiment photo shows
the coupling of the TX and RX elements to 10 mm thick plexiglass medium. The TX is connected to the impedance analyzer unit and the RX is connected
to a variable external capacitor. Scale bar: T mm. B) The finite-element (FE) simulations of the acoustic pressure generated by TX and coupled to RX
through a plexiglass medium, where the blue-red color bar indicates the acoustic pressure values. C) The measured frequency response of the impedance
of the TX for a range of external capacitive loads connected to the RX. D) The simulation results of the radius-dependent acoustic pressure of RX at its
intersection with the coupling medium for a range of external capacitive loads. The pressure change due to the varying capacitance is maximum at the
center of the RX. E-F) The experimental results and numerical simulations of the TX impedance change compared to the highest capacitive load.

Adb. Intell. Syst. 2022, 4, 2200125 2200125 (4 of 9)

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

95U0|7 SUOWILLOD SAITea1D (e dde 8y} Ag peussnob ae Ss[oiLe YO ‘8sN Jo S9N 10} AkeiqiT 8UI|UO A8]1/ UO (SUOTIPUOD-PUe-SWLS/W0o" A3 | 1M Alelq 1 |Buluo//Sdny) SUonIpUOD pue swie | 8L 89S *[220z/0T/c2] uo Ariqiieuluo A8|IM 891 AQ SZT00220Z AS1e/Z00T 0T/I0p/W0D A8 | 1M Ake.q 1 jpul|uoy/:sdny wiouy pepeojumod ‘0T ‘2202 ‘L9Sh0r9z


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

ADVANCED
INTELLIGENT
SYSTEMS

www.advancedsciencenews.com

frequency range in Figure 2E. For a similar frequency range, the
simulations can capture the similar impedance change, shown in
Figure 2F.

2.3. Ultrasonic Coupling of Piezoelectric Transducers Through
Soft Media

The speed of sound in soft media such as lossy PDMS or biologi-
cal tissues is much different from that in the hard medium. To
characterize the acoustic coupling in soft media between TX and
RX, we performed experiments on a PDMS and a chicken breast,
as shown in Figure 3A,B. Unlike the previous section with
permanent bonding of TX and RX to the hard medium, we used
ultrasound gel for coupling the piezo transducers to the soft
medium. When the center axes of TX and RX were aligned,
we could observe the change in the TX impedance amplitude,
while changing the electrical load at RX. Figure 3C shows the
impedance change curves (A|Z| as they are compared to the
highest capacitive load Cey; =556 pF as the reference capacitor)
for a range of electrical loads within a frequency range of
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2-2.35 MHz. The bottom panel in Figure 3C shows the absolute
impedance amplitude of TX at the gray shaded frequency region
of the top panel. The increasing trend of capacitive loads at the
RX was reflected by the decreasing trend of absolute impedance
amplitude of TX. We performed a similar set of experiments
using the 1cm-thick chicken breast as the coupling medium.
Figure 3D depicts the impedance change (A|Z| compared to
the highest capacitive load Ce,; = 556 pF as the reference capaci-
tor) and absolute impedance values for a shaded frequency range.
The maximum change in the impedance values was considerably
higher in the chicken breast medium than that in the PDMS slab.
Across 4 mm thick PDMS, 0.2 Q impedance change was mea-
sured as a capacitive load of the miniature piezo cube changed
from 2.7 to 8.7 pF at 2.315 MHz. On the other hand, 0.5 Q change
was measured with 1 cm thick chicken breast tissue as capacitive
load increased from 6.4 to 13 pF at 2.265 MHz. This clearly shows
the effect of acoustic pressure wave attenuation in the lossy PDMS
medium as discussed in the previous studies;®"! whereas, the
chicken tissue, composed mostly of water, can transmit acoustic
waves with lower acoustic wave damping.
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Figure 3. Characterization of wireless impedance sensing of a receiver piezo element (RX) through a soft-solid medium. A) The transmitter piezo TX is
coupled to a 4 mm thick polydimethylsiloxane (PDMS) medium, and aligned with the receiver piezo RX which is connected to an external capacitance and
placed on the other side of the medium. Both piezo elements are coupled to the medium via ultrasound gel. Scale bar, 5 mm B) A chicken breast is used
as a biological medium between TX and RX. Scale bar, 5 mm. C) The frequency-dependent impedance change curve of PDMS medium for a range of
capacitive loads that are compared to the highest capacitive load Cp = 556 pF (top). The impendance sensitivity curve of the gray-shaded frequency range
(bottom). D) The frequency-dependent impedance change curve of chicken breast medium for a range of capacitive loads that are compared to the
highest capacitive load Cp =556 pF (top). The impendance sensitivity curve of the gray-shaded frequency range (bottom).
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2.4. Wireless Pressure Measurements with Piezo Capsule
Design

After investigating the acoustic coupling mechanism in hard and
soft media between TX and RX, we implanted the piezo capsule
in the artificial vessel with the pulsating flow, akin to pulsating
blood flow in the artery. Figure 4A,B shows the complete experi-
mental setup, including the pulsatile pump, tubes, reference
wired pressure sensor, piezo cube (RX) as part of the piezo cap-
sule, piezo probe (TX), and impedance analyzer. We implanted
the piezo capsule on the outer surface of the vessel and covered it
with PDMS to resemble tissue-like surroundings. The mechani-
cal T-shaped design (Figure 4A, inset) enables a mechanical pres-
sure amplification from the incident pressure, at the larger area
side of the pin in contact with the vessel wall, to the piezoelectric
surface at the lower area side. The rigidity of PMMA enables

www.advintellsyst.com

lossless transmission of force, therefore the applied pressure
to the piezoelectric surface is dependent on the larger area
(A1) to smaller area (A,) ratio, i.e., P, = P; x (A;/A;). This
way, we could enhance the sensitivity of the pressure reading,
by simply increasing the pin area (to 3 mm in diameter), which
is in contact with the vessel wall.

We aligned TX to RX across a 7 mm distance along the center
axis where its coupling to the PDMS surface was achieved via
ultrasound gel. To measure the true pulsating pressure inside
the vessel, we employed a resistive pressure sensor for recording
the pressure profile in time. By varying the pump’s pulse fre-
quency of the flow at a constant volume, we could observe the
pulsatile pressure behavior inside the vessel. At the same time,
the impedance amplitude of TX could capture the pulsatile flow
behavior of the vessel wirelessly, as shown in Figure 4C. The
increasing pulsatile frequency led to an increase in pressure
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Figure 4. Wireless monitoring of pulsating pressure in a vessel-like tube. A) The experimental setup for the transient impedance measurement of the
piezo TX, consisting of: i) pulsatile pump, ii) the 6 mm diameter tube, iii) embedded pressure sensor, iv) the impedance analyzer unit, v) piezo TX, PDMS-
filled container, and embedded piezo cube RX across 7 mm distance. (inset) The cross-section of the piezo capsule mounted on the vessel wall is shown.
The larger area A, of the T-shaped pin experiences pressure P; (red arrow), and the smaller area A, of the pin gives higher pressure P, to the piezo cube
surface (red arrow) B) The close-up images of the piezo capsule, piezo cube RX and the T-shaped pin. The diameter and length of the pin are equally
3 mm. Scale bar: 1 mm C) The transient impedance change curve for varying pulsating pressure (bottom), correlated to the pressure curve of the tube
measured by the embedded pressure sensor (top). The impedance change accurately follows the pulsating pressure of the tube. The bottom impedance
curve also shows the x3.2 improvement of the piezo capsule design with a T-shaped pin compared to the response of a single piezo cube RX. D) The
sensitivity curves of the impedance change (Q) and pressure (kPa) versus the fluid pulse frequency (bpm). E) The sensitivity curves of the impedance
change (Q) and pressure (kPa) versus the volumetric flow rate (mLmin~'). The error bars represent the standard deviation of three
independent measurements.
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amplitude, which was accurately captured by both the reference
wired pressure sensor and the wireless piezo capsule. The sen-
sitivity curves of the impedance change (Q), hence pressure
(kPa), versus the fluid pulse frequency (bpm) and the volumetric
flow rate (mLmin~') are measured. Figure 4D summarizes the
sensitivity of impedance amplitude and pressure amplitude to
varying flow pulse frequencies between 30 and 100 bpm. The
sensitivity of 0.375 QkPa ' was achieved in the pressure range
from 14 to 86 kPa as pulse frequency changed from 30 to 100
bpm with a fixed flow rate of 8 mL min™". Impedance change
of 32Q was measured as 8 mLmin ' flow rate was pulsed at
100 bpm. This shows afactor of 3.2 improvements with smart
capsule design compared to having just a single piezoelectric
transducer as evident from the results of Figure 4C bottom panel.
In both cases, the distance of the piezo RX to the piezo TX was
the same. At high-pressure amplitudes, we observed a larger
variation in the impedance amplitude values; which could be
attributed to the nonlinear deformation of the vessel wall at high
pulse frequencies. We also investigated the effect of the volumet-
ric rate of the fluid flow on the vessel wall pressure at a constant
pulse frequency of 80 bpm. Figure 4E shows the sensitivity of
impedance amplitude and pressure amplitude to the varying vol-
umetric flow rates. The same sensitivity of 0.375 QkPa ' was
measured and 22.5 Q impedance change was recorded as the
flow rate increased from 0 to 8 mL min~". The repeated experi-
ments indicate the robustness of the measurements at different
volumetric flow rates, although a larger deviation in the imped-
ance amplitude was observed at high-pressure amplitudes.
Overall, wireless pressure measurements via coupling of TX
and the embedded piezo capsule have shown promising results
for real-time vessel wall pressure monitoring.

3. Discussions

We demonstrated the ultrasonic pressure measurements of
vessels using a piezo capsule, and an interrogating piezoelectric
probe. We first showed that by ultrasonic communication
between TX and RX, an electrical loading effect (e.g., the external
capacitive load on RX) can be detected through hard and soft
media. The monitoring of electrical load change at the target
RX is the most sensitive at the resonant frequencies of the pie-
zoelectric transducers, which can be captured by an impedance
analyzer without requiring any special circuitry. Besides
monitoring the static changes at the target point, we showed
the dynamic pressure reading capabilities of the piezoelectric
capsule design. Emulating the pulsatile fluidic flow at different
volumetric rates, we were able to remotely detect the dynamic
pressure profile in real time. The impedance change for various
flow parameters was validated by the reference pressure sensor,
which proves the viability of the proposed ultrasonic pressure
monitoring approach. Last, through the integration of a simple,
passive T-shaped mechanical structure, we showed a drastic
enhancement in the sensitivity of pressure reading (3.2 times
improvement in the impedance amplitude), which was attributed
to increased mechanical loading to the piezo cube.

The potential use of the proposed battery-less, passive
piezoelectric capsule implant could be in long-term cardiac pres-
sure monitoring. After complying with the biocompatibility and
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non-toxicity guidelines, the packaged piezo capsule could be
attached around the vessel by a ring or an adhesive, where the
wall pressure is applied to the piezo surface. Besides, the pro-
posed piezo capsules could be used in a wide range of industrial
applications that are involved with pressure monitoring in harsh
environments; for example, they could be implanted inside pipes
to read the varying pressure of gas/liquid flow.

We should note that all piezoelectric materials are lossy for
long-term DC pressure measurements as piezoelectric charges
decay gradually with time. The usage of piezoelectric resonators
in the thickness mode can alleviate this problem. A pressure
sensor based on the piezoelectric resonance of poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) has already been
shown to avoid long-term drift from the charge leakage problem
in quasi-static pressures and integrated into RF circuits for wire-
less operation using RF backscattering.*?) An alternative solution
to long-term static pressure value readings could be via capacitive
sensors (e.g., MEMS capacitive sensors®%) that can electrically
load the piezo capsule, and hence change the interrogating pie-
zoelectric probe’s impedance value close to its resonance
frequency.

Future work will explore the usage of ultrasonic beamforming
with a phased array to improve tolerance to misalignment
and enable multiple piezo capsule readings from different
locations.'>** The array of piezo capsules, distributed along
the vessel walls, could provide spatial pressure information
and reduce the signal noise experienced by a single sensor.

4. Experimental Section

Fabrication of the Piezoelectric Capsule and Ultrasound Probe: The piezo-
electric capsule was composed of Tmmx1mmx1mm PZT cube (PIC
181, PI Ceramic GmbH), bonded from one side on a 100 pm thick copper
substrate, and from the opposite side attached to a laser-cut plexiglass
T-shaped structure. The custom-made ultrasound probe was fabricated
using a 6.5 mm x 1 mm PZT disk (PIC 181, PI Ceramic GmbH) bonded
on a 100 pm thick copper substrate and two cables were connected
to opposite electrodes of PZT using an electrically conductive epoxy
(EPO-TEK H20E-PFC, Epoxy Technology). A laser-cut plexiglass housing
was also glued to the copper substrate for facilitating probe handling.

Impedance Signal Recording and Pressure Measurements: The impedance
of the ultrasound probe in the frequency domain was measured using a
vector network analyzer (E5061B, Keysight Technologies). The pulsatile
flow with controllable pulse frequency and the volumetric flow rate was
provided using a pulsatile blood pump (Harvard Apparatus). For reference
pressure measurement inside the artificial vessel, a piezoresistive silicon
micromachined absolute pressure sensor (MS5401-BM, TE Connectivity
Measurement Specialties, Inc.) was used. The electrical signals from
the pressure sensor were recorded by an oscilloscope and later analyzed
in Python.

Numerical  Finite Element Analysis. COMSOL Multiphysics 5.6
(COMSOL Inc.) was used to obtain the pressure field and impedance
amplitude of the piezoelectric probe. The physics modules of acoustic
structure and piezoelectric effect were used to model the propagation
of acoustic waves from the oscillating piezoelectric element to the
coupling medium (e.g., plexiglass). Then, the electrical circuit physics
was used to obtain the electrical impedance of the ultrasound probe
(TX) while the target piezo cube (RX) was connected to a varying capacitive
load. All simulations were conducted in the frequency domain.

Statistical Analysis: Experimental results represent the mean + standard
deviation of the measurements.

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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