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Ultrasonically powered piezoelectric
generators for bio-implantable sensors:
Plate versus diaphragm

David B Christensen and Shad Roundy

Abstract

This article is a comparative study of the design spaces of two bio-implantable acoustically excited generator architec-
tures: the bulk-mode piezoelectric plate (plate) and the flexure-mode unimorph piezoelectric diaphragm (diaphragm).
The acoustic to electrical power transducers, or generators, are part of an acoustic, or ultrasonic, power transfer sys-
tem for implantable sensors and medical devices such as glucose monitors, metabolic monitors, and drug delivery sys-
tems. Scalable network equivalent models are presented and used to predict that for sub-millimeter size devices, the
diaphragm architecture generates more power than the plate architecture and is less sensitive to absorption power
losses with increased implant depth. The models are compared to the experimental data from centimeter-size devices.
This article will present and compare the power loss mechanisms and total power generated for each of the architec-

tures as a function of diameter, aspect ratio, and implanted depth.
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Piezoelectric transducer, implantable sensors, acoustic energy harvesting, ultrasonic generator, wireless power transfer,
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Introduction

Interest in and realization of millimeter scale bio-
implantable devices has increased with advances in
power electronics, sensing, complementary metal-
oxide-semiconductor (CMOS), and communications
technology. Bio-implantable devices are small devices
that are implanted in the body in order to perform a
diagnostic or therapeutic function. Such functions
range from glucose sensing to drug delivery. For exam-
ple, an implantable glucose sensor will allow diabetics
to obtain real-time, accurate glucose readings without
pricking their finger thus enabling better management
of the disease. Various methods have been published to
power bio-implantable devices both on-board (from
inside the body) and wirelessly (from outside the body).
On-board powering methods include batteries and bio-
logical fuel cells. Wireless methods include magnetic,
near-field inductive, and acoustic power transfer. Two
piezoelectric generator architectures that may be
employed for acoustic power transfer are the bulk-
mode circular plate (plate) and the flexure-mode unim-
orph diaphragm (diaphragm) shown in Figure 1.

The plate is a circular piezoelectric disk that is rigidly
fixed/clamped around its circumference. It is poled

(3-3 axis) perpendicular to the face of the plate. The
front face is in contact with tissue and the back face is
open to a vacuum. Its aspect ratio ( = 2a/h,) is con-
strained to be no less than 1 and no greater than 10. An
aspect ratio less than 1 results in the plate’s thickness
being larger than its diameter which makes diameter a
poor measure of overall implant size. An aspect ratio
greater than 10 introduces bending (strain in 3-1 direc-
tion) as the dominant strain mode and thus requires a
different model. The housing is modeled as rigid, hav-
ing no other dynamics than to impose a fixed/clamped
condition about the circumference of the plate.

The diaphragm is a circular piezoelectric disk fixed
to the back side of a larger circular non-piezoelectric
shim. The piezoelectric disk is poled perpendicular to
its face. The shim is fixed/clamped around its circum-
ference with its front face in contact with tissue and its
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Figure 1. Side-view cross section of the plate (left) and diaphragm (right) with relevant dimensions, boundary conditions, and
poling directions. Note that in the front view, both the plate and diaphragm architectures are circular.

Table |. Published works that provide simulation and/or experimental results for bio-implantable sensors using wireless acoustic

power transfer.

Year Article Architecture Diameter Frequency Depth Medium
Devices
2001 Kawanabe et al. (2001) Plate 30 mm | MHz 7-100 mm Water, goat tissue
2007 Arra et al. (2007) Plate 25 mm 840 kHz 5-105 mm Water
2009 Ogzeri and Shmilovitz (2010) Plate 15 mm 673 KHz 40 mm Pig muscle
2011 Shigeta et al. (2011) Plate 44 mm 1.2 MHz - Water
Simulations
2010 Denisov and Yeatman (2010) Plate 2-10 mm =<| MHz 10—100 mm Tissue
2012 Sanni et al. (2012) Plate 10 mm 200 kHz <70 mm Tissue
2013 Seo etal. (2013)* Plate 10-100 pum 10 MHz 2 mm Brain tissue

*White paper published to arXiv. No experimental data have been published on this work.

back face open to a vacuum. Its aspect ratio
(= 2a/(hs + hy)) is constrained to be greater than or
equal to 10 so that the strain in the piezoelectric disk is
dominant in the 3-1 direction (bending). The housing is
modeled as rigid, having no other dynamics than to
impose a fixed/clamped condition about the circumfer-
ence of the shim.

The plate is widely used in diagnostic and therapeu-
tic ultrasound and seems the natural candidate for high
acoustic to electrical power generation at the millimeter
scale because of its high acoustic power output as a
transmitter. On the other hand, the diaphragm can eas-
ily be overlooked for acoustic to electrical power gener-
ation for two reasons. First, it operates in the 3-1 mode
which has a lower coupling coefficient than the 3-3
mode of the plate. Second, diaphragms use significantly
less piezoelectric material than plates of the same dia-
meter and are thus usually outperformed by plates in
terms of acoustic to electrical power generation.
However, the diaphragm has a strength that is particu-
larly useful for bio-implantable power applications: it
can operate at much lower frequencies than the plate
(meaning less signal attenuation and tissue heating). It
should be noted that in Figure 1 the piezoelectric layer
does not extend over the entire diaphragm. In some
other common diaphragm, or piezoelectric microma-
chined ultrasonic transducer (PMUT), designs, the
piezoelectric layer does extend over the entire

diaphragm. The results presented here do not substan-
tially change if the piezoelectric layer extends over the
entire diaphragm.

The literature focusing on the plate architecture as a
means of power generation in bio-implantable devices
is not new. Table 1 gives a sampling of works as far
back as 2001. Kawanabe et al. (2001) and Arra et al.
(2007) explored plate-to-plate transmission separated
by tissue. Ozeri and Shmilovitz (2010) and Shigeta et
al. (2011) took the analysis further by adding a quarter
wavelength matching layer to the plate to reduce pres-
sure reflections at the generator surface. Denisov and
Yeatman (2010) performed a comparison between
near-field inductive and acoustic power transfer con-
cluding that near-field inductive power transfer is more
efficient for larger devices with shallower tissue depths
while acoustic power transfer is more efficient for
smaller devices with deeper tissue depths. Sanni et al.
(2012) and Seo et al. (2013) proposed hybrid systems
where a larger inductive power transfer system trans-
mitted power through skin and/or bone to a smaller in
vivo acoustic plate-to-plate system. It is notable that
the plate diameters of interest are, for the most part,
decreasing with time.

The literature focusing on the diaphragm architec-
ture as a means of power generation in bio-implantable
devices at the millimeter scale is not as prevalent as
the plate. In 2001, Ramsay and Clark (2001) performed
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Figure 2. Equivalent circuit models for the plate (left) and diaphragm (right). The gray arrows with labels indicate external
components that attach to each port. The labels beneath the circuit indicate the domain with their associated power states (effort,

flow).

a feasibility study concluding that diaphragms could
harvest enough power from pulsing blood vessels to
continuously power a wW microelectromechanical sys-
tems (MEMS) device. Further modeling and experi-
mental validation of the more complicated diaphragm
system has since then been made (Kim et al., 2003;
Mo et al., 2010a, 2010b; Prasad et al., 2006; Smyth,
2012) for applications ranging from wearable energy
harvesters and flow control devices to diagnostic
imaging where it is referred to as a PMUT, the piezo-
electric counterpart to the capacitive micromachined
ultrasonic transducer (CMUT). The modeling and
use of the diaphragm in in vivo powering applications
is not new, but powering the in vivo diaphragm via
wireless acoustic power transfer at ultrasonic frequen-
cies is. The merit of this work is that it provides an
analysis on the acoustically powered diaphragm struc-
ture as a millimeter scale generator implanted in the
body and compares its performance with the plate
architecture.

The remainder of this article is organized as follows.
Lumped parameter models of the plate and diaphragm
are presented. A detailed discussion of loss mechanisms
and the models for those mechanisms is follows.
Experimental validation for the lumped parameter and
loss models is presented at relatively large (i.e. 1 cm
diameter devices) size scales. The models are then used
to study acoustic to electrical power generation as gen-
erator sizes are scaled down to 100 pm in diameter
over implant depths from 1 to 5 cm.

Modeling

Acoustic transducers are often modeled with lumped
parameter circuit models (Prasad et al., 2006; Sherrit et
al., 1999). Equivalent circuit models are useful in that
they can be simulated rapidly and used to quickly opti-
mize a design. The circuit components used to model
the plate and diaphragm are given in Figure 2. The
plate model employed is Mason’s model which is equiv-
alent to the well-known Krimholtz, Leedom, and

Matthae (KLM) (Sherrit et al., 1999). The diaphragm
model used was proposed by Prasad et al. (2006).
Prasad’s model is derived from composite plate theory
and is supported by experimental validation. We have
employed these basic circuit models in conjunction with
analytical models for acoustic radiation loss and vis-
cous drag. These losses take the form of the resistor Rq
and enable proper scaling of simulation data without
having to gather empirical loss measurements at each
transducer size. These losses are discussed further in
section “Damping” of this article. It is important to
note that in the prior published works, the transmitter
dynamics have played an important role in the power
and efficiency results of the generator (Sherrit et al.,
2005). In this work, the transmitter dynamics are only
modeled in section “Experimental setup and model
validation” of this article. In all other simulations, the
transmitter is replaced by a 7200 W/m? intensity source
(see Figure 3), the spatial-peak-temporal-average inten-
sity limit specified by the US Food and Drug
Administration (FDA) (Guidance for Industry and
FDA Staff Information for Manufacturers Seeking
Marketing Clearance of Diagnostic Ultrasound
Systems and Transducers, 2008).

Power losses

A primary design goal for any power generation system
is to minimize power losses. The dominant power losses
for an ultrasonically powered implant are due to beam
divergence, tissue absorption, pressure wave reflection,
transducer damping, piezoelectric coupling, power elec-
tronics, and electrical load impedance mismatch. A
visual representation of these losses and their imple-
mentation in the scaling simulation model are shown in
Figure 3 followed by a brief discussion of each of the
losses with insights to their dependence on diameter
and aspect ratio. A list and explanation of variables
and the properties of the piezoelectric material, shim,
and tissue used to obtain the simulation results in the
following paragraphs are given in Table 2.
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Figure 3. Left: sources of power loss between the transmitter’s acoustic output and the load. Right: circuit model implementation
for the scaling simulations in sections “Power losses” and “Generated power comparison” of this article. Note that the transmitter
component is replaced by a source intensity and the pressure source on the transducer equivalent circuit represents the source

pressure minus tissue absorption and reflection losses.
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Figure 4. Resonance frequency of the plate (left) and diaphragm (right) implanted in muscle at various aspect ratios and
diameters. The diaphragm graph is split by a white dotted line that represents the 20 kHz boundary between the audible and

ultrasonic regions.

Beam divergence

Beam divergence is strongly dependent on the ratio of
the transmitter diameter to the wavelength in the
medium and thus will only be accounted for in section
“Experimental setup and model validation” of this arti-
cle. The acoustic beam radius, 7peq,, for an unfocused
circular plate is given in equation (1) and the associated
power diverted is given in equation (2) (Christensen,
1988). Beam divergence for the diaphragm is approxi-
mated by setting the beam radius equal to the depth of
the medium, d. Although the simulations in this article
assume a focused beam (no power diverted), it is useful
to note that a beam larger than the implant is likely
desirable to facilitate supplying power to the implant

Near Field — a

rbe“m%{ Far Field — d tan (sin*1 (m)) (1)

af

Piverted —-1_ za (2)

P tranducer face

Tissue absorption

The power absorbed in tissue, or tissue heating, is given
in equation (3) (Christensen, 1988) and is heavily
dependent on acoustic frequency. As the acoustic fre-
quency increases linearly, the acoustic power remain-
ing, after traveling through the tissue, decreases
exponentially. Therefore, to minimize power losses due
to absorption, a generator should be designed with a
low acoustic resonance frequency. The resonance fre-
quency of the plate architecture, £, p, is given in equa-
tion (4). As the thickness of the plate decreases, its
resonance frequency increases such that at millimeter
thicknesses the resonance frequency is on the order of
megahertz resulting in high tissue absorption. On the
other hand, the resonance frequency of the diaphragm,
fr.p, given in equation (5) with the added virtual mass
factor (AVMF) B given in equation (6) (Kozlovsky,
2009) and the viscosity scaling factor ¢ given in equa-
tion (7), is on the order of kilohertz for similar sizes
resulting in significantly lower tissue absorption than
the plate. Figure 4 gives the resonance frequency of the
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Figure 5. Percent of source power absorbed for the plate (left) and diaphragm (right) when implanted 2 cm into muscle. The
power absorbed is dependent on the resonance frequency of the implanted generator.

plate and diaphragm architectures when surrounded by
muscle for millimeter diameters. The resulting percent
power lost through 2 ¢m of muscle is shown in Figure 5

frp = ﬁ (4)
o 2WCAMlA(1 5w O
Bp =0. 6538m(1 +1.082¢) (6)
£\ ampa (7)
Reflection

Reflection of acoustic pressure waves off the face of the
implant receiver is due to acoustic impedance mismatch
between the tissue and the receiver. The acoustic impe-
dance for the plate in terms of equivalent circuit impe-
dances (see Figure 2) is given in equation (8) and the
acoustic impedance of the diaphragm is given in equa-
tion (9). Note that subscripts P and D refer to the plate
and diaphragm, respectively (see Table 2 for a complete
list of variables). The power reflected from the surface
of the plate or diaphragm when implanted in tissue is
given in equation (10) (Christensen, 1988). Figure 6
gives a visual representation of the percent power
reflected from the surface of the plate and diaphragm
when implanted in muscle and excited at the fundamen-
tal mechanical resonance frequency of the transducer
(resonance frequencies shown in Figure 4) as a function
of diameter and aspect ratio. The white dotted line rep-
resents zero reflection or the point where the acoustic
impedance of the transducer and muscle match. From
the figure, it is apparent that the acoustic impedance
(and thus power reflected) for both the plate and

diaphragm can be adjusted with aspect ratio such that
reflection is minimized. However, as diameter
decreases, the sensitivity of the acoustic impedance to
changes in aspect ratio decreases

(ZT+RQP +Z>

Zp = ~—m 55—+~ 8
’ ma? (8)
Zp = Waz(ZCA + ZM4 + RQ,D) (9)
P, Zeip — Z\?
reflected R,_,p/D ( P/D t) ( 10)
P generator face ZP/D + 7
where Z, = p,c;.

An effective way to reduce reflections for plate transdu-
cers is to add a quarter wavelength matching layer
between the transducer face and the medium. The match-
ing layer ideally has an acoustic impedance equal to
VZ, Zp and reduces the transducer’s quality factor in addi-
tion to reflection. In diagnostic ultrasound, the reduction
in quality factor and reflection is a win—win situation. In
power transfer, the reduction in quality factor is the trade-
off to the reduction in reflection. Furthermore, for an
implant with size limitations, the matching layer acts to
reduce the available thickness of the piezoelectric material
which results in a higher frequency transducer with higher
absorption. Thus, for this study, matching layers will not
be considered for the plate transducer.

Damping

At millimeter diameters, the damping contributors of
most significance are acoustic radiation loss and vis-
cous drag. For the plate architecture, acoustic radiation
loss is a function of acoustic impedance only and is
given in equation (11). Viscous drag on the plate, given
in equation (13), was derived using a procedure similar
to that in Kozlovsky (2009) and Lamb (1920) and is
dependent on the aspect ratio and the viscosity scaling
factor &. On the other hand, both the acoustic
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Figure 6. Percent power reflected from the plate (left) and the diaphragm (right) when implanted in muscle as a function of the
aspect ratio and diameter. The white dotted line represents zero power reflected.
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Figure 7. Acoustic radiation quality factor for the plate (left) and the diaphragm (right) when implanted in muscle as a function of

diameter and aspect ratio.

radiation loss and viscous drag for the diaphragm are
dependent on the AVMF B and the viscosity scaling
factor ¢ and are given in equations (12) and (14)
(Olfatnia et al., 2011) respectively. The quality factor
contributions to the plate and diaphragm are shown
for acoustic radiation loss in Figure 7 and for viscous
drag in Figure 8. As the figures clearly indicate, damp-
ing for the diaphragm is dominated by viscous losses
while the damping contribution to the plate is similar
for radiation and viscous losses. The combined quality
factor as a function of diameter and aspect ratio is
shown in Figure 9, which indicates a generally higher
quality factor for the plate. To incorporate damping
into the network models, the resistor Ry is calculated
for the plate in equation (15) and for the diaphragm in
equation (16) where Q,,, includes the quality factor con-
tributions from all sources of transducer-specific losses
such as acoustic radiation loss, viscous drag, support
loss, and crystal defects. Note that the quality factor
contributions from acoustic radiation loss, viscous
drag, and the manufacturer-specified “Mechanical Q”
for the material are the only losses considered in this
article. Also note that although a low-quality factor is
desirable to achieve better axial resolution in diagnostic
ultrasound, a high-quality factor is desirable to achieve

more power to the load when the transducer is solely
used for acoustic power transfer

Qrad,P =
ZP(Z%(I + RPHI)Z(I + R%‘—»b) + ZL})(] + RPHh)z(l + R%)*}[))
(1)
Oraa.p = 122251 + g )3
P«<D
where =% _ and _ pihs pyhy (12)
Cp (1 — V,%) Pp hs + hp
_ 1 Pyl
Ovis.p = —(0.1911 + 0.2251- 2= ) +0.1592  (13)
& p.a
095 /1
vis,D = —— | = T 1 14
Quen = 7 (ﬁD ) (14)
a2Y33
- 15
er ¢pQor (15)
where Oior = ((I/de) + (1/QW'S) + ...)_1
My/C
Ro.p = VMi/Ca (16)

Qtot
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Figure 8. Viscous drag quality factor for the plate (left) and the diaphragm (right) when implanted in muscle as a function of

diameter and aspect ratio.
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Figure 9. Combined quality factor (acoustic radiation loss, viscous drag, and manufacturer-specified “Mechanical Q”) for the plate
(left) and the diaphragm (right) when implanted in muscle as a function of diameter and aspect ratio.

Piezoelectric coupling

The piezoelectric coupling coefficient, k%, is a value
between 0 and 1 and is defined as the mechanical/elec-
trical energy converted to electrical/mechanical energy
divided by the total input mechanical/electrical energy.
The value of the coupling coefficient varies according
to material and the direction of strain relative to the
direction of polarization. The plate architecture oper-
ates in the 3-3 mode meaning strain and polarization
are in the same direction resulting in a high coupling
coefficient. Piezo manufacturers typically specify k33
and k,. Both values refer to the 3-3 mode but k53 is for
cylinders (aspect ratio < 1) and k;, is for plates (aspect
ratio > 1) and k, is typically lower than k;;. On the
other hand, the diaphragm operates in the 3-1 mode
meaning that strain and polarization are perpendicular
to each other resulting in a lower coupling coefficient.
The value k3; refers to the 3-1 mode and is typically
lower than both k33 and &, (see Table 2). For PZT, the
3-3 coupling coefficient is approximately four times
larger than the 3-1 coupling coefficient. Note, this does
not mean that the 3-3 mode is four times more efficient.
It means that more of the mechanical excitation energy

is converted to electrical energy. The unconverted
mechanical energy is not necessarily lost. Much of it
will be retained as kinetic energy in the plate or dia-
phragm. In general, more highly coupled systems are
able to generate more power. However, there is a point
of diminishing returns where extra coupling serves to
further dampen the system reducing mechanical displa-
cements and the power conversion becomes self-limiting
in a way. The point at which extra coupling is no longer
of much benefit depends on the mechanical quality fac-
tor (Qyy)- If the quality factor is higher, high output
power will be achieved with lower piezoelectric cou-
pling. If the quality factor is lower, high output power
will require higher levels of piezoelectric coupling.

It is important to note that the magnitude of the
power transduced is proportional to the volume of the
piezoelectric material and proportional to the square of
the average strain induced in the material. Since dia-
phragms typically utilize significantly less piezoelectric
material than plates of the same diameter, diaphragms
are disadvantaged. However, this disadvantage is miti-
gated by the fact that their strain level is generally much
higher than plates. The effect of piezoelectric coupling
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Receiver Transmitter

Figure 10. Left: acoustic test tank with absorber panels and positioning system. Right: plate transmitter and receiver separated by

water in the acoustic test tank.

is embedded in the plate and diaphragm equivalent cir-
cuit models.

Power electronics

Power electronics, whether passive or active, will be
required to condition the power in order to be compati-
ble with sensors and other devices. To simplify the com-
parison between the plate and diaphragm architectures,
power electronics will not be considered in this article.
However, a comparison of power electronics for piezo-
electric energy harvesters can be found in Guyomar
and Lallart (2011).

Electrical impedance mismatch

Electrical impedance mismatch is similar to acoustic
pressure wave reflection where the electrical power is
reflected instead of acoustic power and the mismatch is
between the electrical load impedance and the electrical
impedance of the piezo. With ultrasonic transducers,
electrical matching is often called tuning. Tuning a
transducer involves adding an inductor (and resistor) in
parallel with the piezoelectric capacitance, Cy, to match
the electrical resonance to the mechanical resonance.
This can be done for both the plate and the diaphragm
transducers to significantly increase the power gener-
ated. However, depending on the size and mechanical
resonance frequency of the transducer, it may not be
practical to fit the required inductor on an implant.
For this reason, full complex matching (inductor plus
resistor) is replaced by resistive matching (resistor with
value of 1/wCj), shown in Figure 3, for simplification.

Experimental setup and model validation

To validate the plate and diaphragm equivalent circuits
paired with the loss relationships discussed previously,
the experimental data were obtained from macro-scale
devices and compared to simulation data. To obtain
the experimental data, a 59 X 28 X 28 cm® tank with
acoustic absorbers and transducers, shown in

Figure 10, was constructed. The acoustic absorber
panels were fabricated from 12.7-mm-thick ultra-soft
polyurethane (McMaster Carr; 8514K75) which experi-
mentally exhibits a fairly steady 90.6% pressure
attenuation after one pass between 5 kHz and
1.25 MHz. For the transducers, piezoelectric plates
(APC Inc.; 851 material, 1.9 mm thick, 12.8 mm
diameter) and diaphragms (Steming;
SMPDI1DI11TIOF95) were mounted to ABS tubing
(McMaster Carr; 1839T371) with cyanoacrylate and
placed in the distilled water—filled tank as transmitter—
receiver pairs. Tests were run with a swept 2.5 Vi sinu-
soidal input from a function generator (Rigol
DG1022A) connected to a power amplifier (Rigol
PA1011) in series with a 100 ohm resistor. Data were
collected using a spectrum analyzer (PicoScope 2206)
on peak-hold mode. Frequency sweep ranges were
between 950 kHz and 1.15 MHz for the plate transdu-
cers and between 2.5 and 4.5 kHz for the diaphragm
transducers over 120 s. During the test, the receiver
load current was measured and recorded. It should be
noted that although the frequency range of the dia-
phragm is not in the ultrasonic region (above 20 kHz)
and the 100 ohm load resistor is not the optimal load
resistor value for the transducers, the experiment still
serves the end goal of validating the network equivalent
models of the transducers. The resistor values and
transducers were chosen to facilitate manufacturing
and testing.

Simulations were performed using the models shown
in Figure 11 and the material properties given in
Table 3 and are compared with the measured receiver
load current shown in Figure 12. The simulated results
are in close agreement with the experimental data. A
few important notes about Figure 12 should be consid-
ered: (1) beam divergence for the diaphragm is approxi-
mated by assuming a divergence angle of 90° which
translates to the effective beam radius, rpey,, being
equal to the separation distance between the dia-
phragms. In the following section, beam divergence will
be neglected to simplify the analysis and provide more
insightful results. (2) Only analytical relationships, not
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Model Validation Setup
Air Backing Plate (Transmitter) Water Plate (Receiver) Air Backing
& Source & Load
100Q= PuCup = 100Q
2.5V
Absorption Di Beam Reflection
Source Diaphragm (Transmitter) ivergence Diaphragm (Receiver) Load
100Q Ca Mpa Rqa M- Maa Row Maw Ca
Co =Cyp 100Q
25V, Row-Roa
1:¢ $:1
Source Transmitted Power to Generated
Voltage Simulate Transmitter Power Attenuate Power Receiver Simulate Receiver Current
Vs Load = Water P (2),(3),(10) P, Load = 100Q L
V. = 25V (swept) a2 z 5
Plate: 950 to 1150 kHz P = Po(e’z%f"")( - )(—‘” (1+Ry-pp) )
Diaphragm: 2.5 to 4.5 kHz Theam / \Zp/D

Figure 1 1. Network model used to validate the plate and diaphragm equivalent circuit models coupled with loss relationships for
the plate (top) and the diaphragm (bottom). The transmitter acoustic power output is modeled as the power dissipated across the
impedance in the “Water” area of the diagram. The receiver source is modeled as the transmitter acoustic power output minus

absorption, beam divergence, and reflection losses.

Table 3. Properties (left) and millimeter dimensions (right) of the plates and diaphragms used for model validation.

Variable Plate Diaphragm piezo Diaphragm shim Units
APC 851 NAVY-II Brass
Density p 7600 7600 10,490 kg/m?
Speed of sound c 4080 + 3% 4080 3650 m/s
Young’s modulus Y3 63 63 100 GPa
Y33 54 54
Poisson’s ratio v 0.32 0.32 0.32 -
Permittivity e 17.258 16.815 nF/m
Charge constant ds; —-0.175 nm/V
ds3 0.4
Coupling coefficient k3, 0.36 -
ki 0.51

Sources: APC International, Ltd (2013), Engineering ToolBox (2015a),(2015b).

empirical measurements, are used to obtain the quality
factor used in the simulation model. In the following
section, the same analytical relationships will be used
to obtain simulation results as the transducers are
scaled down in size. (3) The experimental data for the
plate exhibit peaks that are not accounted for by the
simulation. These peaks are standing waves and are a
result of the dynamics of the medium between the
transmitter and the receiver. The frequencies at which
the standing waves appear are given in equation (17).
The amplitude of the peaks is dependent on transmitter
diameter, frequency, transmitting depth, and medium
material properties and is an important consideration
when designing a full transmitter-medium-receiver sys-
tem. Since the focus of this article is the comparison of

receiver architectures, the medium dynamics are
neglected in all simulation data in this article. In this
section, neglecting the medium dynamics and including
the transmitter dynamics provides a comparison
between the simulation model and experimental data
with a preliminary feel for the power variation the
receiver can experience as the transmitter frequency is
slightly altered (see Table 4). In the following section,
neglecting the medium and transmitter dynamics pro-
vides a cleaner visual comparison between receiver
architectures with generated power values isolated from
transmitter and medium resonances

ne,,

—_— =1,2 1
2 " ,2,3, (17)

fslanding waves
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Figure 12. Experimental (red x) and simulation (black line) data for the transmitter—receiver model validation setup at 2, 3, and
4 cm separation distances in water for the plate (top) and diaphragm (bottom).

Table 4. Characteristics of standing waves shown in
experimental plate data in Figure 12.

Depth (cm)  Approx. standing Repeats every ... (kHz)
wave amplitude (mA)

2 0.8837 39.9

3 0.7866 24.6

4 0.6340 18.6

Generated power comparison

Scaling simulations were performed to compare the
load power generated by the plate to that of the dia-
phragm as diameter is swept from centimeter to sub-
millimeter sizes. The circuit configuration used for the
scaling simulations, shown in Figure 3 (right), has an
intensity source of 7200 W/m? and assumes zero beam
divergence. The material properties used for the simula-
tions are given in Table 2. The following paragraphs
compare the load power of the plate and diaphragm in
terms of diameter, aspect ratio, and tissue depth.

Aspect ratio and diameter

Figure 13 shows the load power generated by the plate
and diaphragm embedded 2 cm into the muscle as a
function of aspect ratio and diameter. It should be

noted that the load power was evaluated at the reso-
nance frequency of the loaded transducer, not necessa-
rily at the optimal load power point. The figure reveals
that higher load power for the plate tends to occur at
larger diameters and smaller aspect ratios while higher
load power for the diaphragm generally increases with
diameter but is less sensitive to aspect ratio. It also
shows that the plate load power decreases more rapidly
with decreasing diameter than the diaphragm load
power because the plate operates at higher frequencies
and thus suffers from higher tissue absorption. When
designing a small ultrasonic implant, the aspect ratio of
the plate and the resonance frequency of the diaphragm
may become constraints. For the plate, a small aspect
ratio means higher load power, but also means a thicker
transducer that may not fit on the implant (an aspect
ratio of 1 means that the diameter and thickness are the
same size) or even be manufacturable. For the dia-
phragm, lower resonance frequencies are desirable
because they result in lower absorption. However, if the
transducer is to be an ultrasonic transducer, then the
resonance frequency cannot be lower than 20 kHz. It is
important to consider that cavitation becomes more of
a concern at high pressures and low frequencies.

To reduce the risk of cavitation, the US FDA has
set a mechanical index limit, MI given in equation (18),
of 1.9 (0.23 for ophthalmic) (Guidance for Industry
and FDA Staff Information for Manufacturers Seeking
Marketing Clearance of Diagnostic Ultrasound
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Figure 13. Receiver load power for the plate (left) and the diaphragm (right) when implanted 2 cm deep into muscle with a source
intensity of 7200 Wi/m?. Each white contour line represents an order of magnitude decrease.
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Figure 14. Left: power delivered to the implant’s load at |, 2, 3, 4, and 5 cm depths for the untuned plate and diaphragm without
matching layers. Right-top: aspect ratio required. Note that | cm depth corresponds to the top diaphragm line and 5 cm depth

corresponds to the bottom diaphragm line.

Systems and Transducers, 2008). Let us consider the
case referred to in this article that is most vulnerable to
cavitation (e.g. 20 kHz, 7200 W/m?, 1.675 MRayl). In
this case, the pressure in the muscle (p = /IZnusele) 18
0.109839 MPa. At 20 kHz, MI is 0.776, which is well
below the 1.9 limit

_ Negative Peak Pressure in MPa

Ml (18)

v/Frequency in MHz

Depth and diameter

Figure 14 shows the load power generated by the plate
and diaphragm as a function of diameter at various
implant depths in muscle. The most important feature
of Figure 14 is the load power comparison between the
plate and diaphragm. In terms of power generated, the
plate and diaphragm are comparable in the range
between 1 mm and 1 cm. In this range, design factors

other than power, such as quality factor, operating
pressure, generated voltage, and thickness constraints,
would determine which architecture to use. Below
I mm, the diaphragm becomes a far more enticing
choice for power generation because its generated
power is much less sensitive to implant depth than that
of the plate and the overall power generated is greater.
A few important points should be noted: (1) Figure 14
shows the optimal transducer design for each diameter
and depth combination. For the plate, the optimal
design happens to be a transducer with aspect ratio of
1 for all depths and diameters. For the diaphragm, the
optimal design occurs at a different aspect ratio for
each diameter and depth because there is a significant
trade-off between frequency (tissue absorption) and
the piezo volume (generating potential). (2) Below
1 mm, the plate load power degrades significantly with
implant depth because its resonance frequency is very
high.
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Conclusion

This article has analyzed two piezoelectric power gen-
erator architectures for an acoustic power transmission
system intended to provide power to small, deeply
implanted bio-devices. Specifically, this article has com-
pared the power loss mechanisms and total power gen-
erated for the plate and diaphragm (i.e. PMUT)
architectures in terms of diameter, aspect ratio, and
implanted depth. Simulation results showed that for
implants in muscle, the plate and diaphragm generate a
comparable amount of power for generator diameters
in the millimeter range. For generator diameters in the
sub-millimeter range, the diaphragm generally gener-
ates more power than the plate and is significantly less
sensitive to changes in implant depth.
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