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S-MRUT: Sectored-Multi Ring Ultrasonic
Transducer for Selective Powering of Brain Implants

Seyedsina Hosseini, Student Member, IEEE, Kjeld Laursen, Student Member, IEEE, Amin Rashidi, Student
Member, IEEE, Tanmay Mondal, Student Member, IEEE, Brian Corbett, and Farshad Moradi, Senior
Member, IEEE

Abstract—One of the main challenges of the current ultrasonic
transducers for powering brain implants is the complexity of
focusing ultrasonic waves in various axial and lateral directions.
The available transducers usually use electrically controlled
phased array for beamforming the ultrasonic waves, which
increases the complexity of the system even further. In this paper,
we propose a straightforward solution for selective powering of
brain implants to remove the complexity of conventional phased
arrays. Our approach features a Sectored-Multi Ring Ultrasonic
Transducer (S-MRUT) on a single piezoelectric sheet, specifically
designed for powering implantable devices for optogenetics in
freely moving animals. The proposed uni-directional S-MRUT
is capable of focusing the ultrasonic waves on brain implants
located at different depths and regions of the brain. The S-MRUT
is designed based on Fresnel Zone Plate (FZP) theory, simulated
in COMSOL, and fabricated with microfabrication process. The
acoustic profile of the seven different configurations of the S-
MRUT were measured using a hydrophone with the total number
of 7436 grid points. The measurements show the ability of the
proposed S-MRUT to sweep the focus point of the acoustic waves
in the axial direction in depths of 1 — 3mm, which is suitable for
powering implants in the striatum of the mouse. Furthermore,
the proposed S-MRUT demonstrates a steering area with the
average radius of 0.862mm, and 0.678mm in experiments, and
simulations, respectively. The S-MRUT is designed with the size
of 3.8 x 3.8 x 0.5mm? and the weight of 0.054gr, showing that
it is compact and light enough to be worn by a mouse. Finally,
the S-MRUT was tested in our measurement setup, where it
successfully transfers sufficient power to a 2.8mm?> optogentic
stimulator to turn on a microLED on the stimulator.

Index Terms—Acoustic transducer, Brain implant, Optogenet-
ics, Uni-directional transducer

I. INTRODUCTION

YBRID brain computer interfaces are entering a new

era with the recent advances in miniaturization to de-
velop micro-scale implants interfacing the human brain as
anticipated by [1] in 2001. The main motivation behind such
implants is diagnosis and monitoring of chronic brain disorders
such as Parkinson’s Disease (PD), depression, and Alzheimer,
which are among the most noticeable disorders, of which
around 9 million people will suffer from PD by 2030 in the
world [2]. Therefore, any pace in this multi-disciplinary field
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Fig. 1. Conceptual illustration of the S-MRUT on the skull of the mouse for
powering the dusts inside striatum.

can have a huge impact on the everyday life of millions of
people.

Nowadays, the only drug to control PD is Levodopa, which
alleviates the major motor symptoms [3]. In case of no
response to the drug, another emerging approach is deep
brain stimulation (DBS) [4]. DBS offers great potential in
terms of effective therapeutic durability and treatment of motor
impairment. Either of the two methods come with drawbacks
such as long-term side effects. Furthermore, deeply penetrating
electrodes of DBS systems causes unnecessary tissue damage,
and electrical stimulation used for neuromodulation in these
systems affects other unnecessary parts of the brain due to
low specificity [5]. Recently, optogenetics has found attention
from researchers as a method to manipulate genetically mod-
ified light-sensitive neurons with optical pulses. Optogenetics
offers a high spatiotemporal resolution with cell type specific
stimulation [6], [7].

To enable deep optical neuromodulation, fully implantable
battery-less and remotely controlled optogenetic devices are
among the promising multi-disciplinary research fields to
address the challenges of DBS systems [8]. Radio-Frequency
(RF) [9], inductive [10], and recently ultrasonic [11], [12]
links are among the popular approaches for powering brain
implants. Ultrasonic powering outperforms the RF approach
for sub-mm sized implants due to its smaller wavelength,
less attenuation through brain tissue as well as 72X higher
Food and Drug Adminstration (FDA)-approved input power
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exposed to the body [13], [14]. Therefore, recently, researchers
have been developing brain implants that are equipped with
a piezoelectric receiver (e.g. Lead zirconate titanate (PZT))
for harvesting energy from an external source [15]-[17]. PZT
has been used for implementing miniaturized ultrasonically
powered devices (hereafter called dusts) for brain stimulation
[11], [16]-[18]. This is important for such devices to be in
dust-size to reduce tissue damage in the brain. The conceptual
illustration of the system is shown in Fig. 1, where a novel
compact and light-weight Sectored-Multi Ring Ultrasonic
Transducer (S-MRUT), proposed in this paper can be used
for powering such the dusts. We have recently developed a
miniaturized dust, which includes 500um x 500um x 500um
PZT-4 cube with 300pm x 130um light emitting diode (uLED)
[19] and 300pm x 300pm electronic chip on a 3mm x 1.5mm
substrate [16].

In general, commercially available acoustic transducers and
MEMS-based ultrasonic transducers have been used in lit-
erature for acoustic powering of implants [20]. Commercial
devices are bulky and heavy that makes them inappropriate
for freely moving animals [21]. MEMS-based ultrasonic trans-
ducers i.e. piezoelectric micromachined ultrasonic transducer
(pMUT) and capacitive micromachined ultrasonic transducer
(cMUT) have shown promising results for various applica-
tions such as imaging [22], haptic [23], and neuromodulation
[24]. Although these devices come in various shapes, reso-
nance frequencies, and acoustic intensities [25], [26], smaller
transducers with higher intensity are desirable for acoustic
powering of implants in freely moving animals [27], [28].
Furthermore, the need for selective powering of dusts, placed
in different locations in the brain, are addressed by beam-
forming [29] or physical lenses [30] in the literature, which
increases the complexity of the system, considerably. As a
completely different approach, we have proposed an MRUT
in [31] for focusing the acoustic waves in the axial direction
in front of the transducer. Here, we propose a novel transducer
enabling the sweeping of ultrasonic waves in both lateral and
axial directions.

II. THEORY

To focus light without lens, Fresnel Zone Plate (FZP) theory
has been used in literature [32], which contains concentric
rings to diffract waves when they pass through the rings.
These waves will constructively interfere with each other, if
the distance between the rings are designed accurately. To use
this theory for ultrasonic link and our application, two rings
with path lengths R;, Ro, R3, R4 and radii rq,73, 75,77 are
considered as illustrated in Fig. 2. For a full circle, in order
to focus the waves at one point, the path length difference
between the sources should follow this equation [33]:

Riyo — Ry = mA 9]
where ¢ and m are positive integers, and A is the wavelength
in medium. However, for a ring-shape configuration, since
the electrodes have a width, the edges of each electrode

should fulfill the following criteria to minimize the destructive
interference of the waves at the focal point:

Rij1 — Ry = \/2 )

Section A-A T3

Fig. 2. Cross-sectional view of the fresnel zone plate with multi symmetrical
rings as an acoustic transducer.

The proposed S-MRUT is composed of two rings each of
them consists of four equal-length sectors. Let us consider
two different focal points d; and do for inner and outer
rings, respectively. Then, in order to satisfy the conditions in
equations (1) and (2), the radius of electrodes can be calculated
using the following equation:

al al
ra =15 @+ ) )

where d is the focal point, n = 1, 3,5, ..., « = n+ 1426, and
¢ is the offset value that relates to the discrepancies between
the calculated and measured focal point due to the fabrication
process with values of —1 < § < 0. The best focusing can be
achieved with § = 0. Therefore, one can design the electrodes
to focus the acoustic energy on the axis along the transducer.
However, for only one sector of each ring electrode as the
acoustic source, the superposition of the waves will be off-
axis. The reason for the off-axis focal point is the distance
g between acoustic sources and thus the resulting time delay
because of the distance. In order to explain the reason of the
off-axis focal point, let us take two acoustic sources a and
b as small fractions of inner and outer rings, respectively, as
shown in Fig. 3. Based on the Huygens’ Principle [34], small
sound sources create V-shaped beams. The superposition of
the beams will be either constructive or destructive. If they
constructively interfere at point x, there is a time delay At
because of the distance g. As a consequence, a phase shift
¢ caused by the time delay that can be calculated with the
following equation:

o=omfii=""9 @

where f is the frequency. For the S-MRUT, the two aforemen-
tioned fractions have an equal distance g and if we integrate
their effect over one sector of the ring, the off-axis focal point
will be achieved.
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Fig. 3. Cross-sectional view of the emitted waves from two fraction of rings.

III. DESIGN AND SIMULATION
A. Design considerations

Main design objectives for designing a transducer for our
application can be listed as below:

1) Steering area: To power the dusts in various locations,
the transducer should be designed in a way that the
maximum acoustic pressure occurs at the desired angle,
otherwise the distributed pressure in other directions will
reduce the efficiency of the transducer [35]. Therefore,
one of the main design objectives, is to maximize the
steering area (A) where the maximum pressure takes
place, and we can implant the dusts in that area. Since
the dusts will be implanted on the surface of striatum
of mice, which has a spherical shape with a radius of
~ 1.5mm [36], larger steering area should be targeted
for designing the transducer.

2) Ratio of main to side lobe amplitudes: In order to
reduce the loss of ultrasonic energy in other directions,
the amplitude ratio of the main to side lobe needs
to be maximized. In other words, a transducer with a
smaller main to side lobe amplitude ratio, gives higher
reflections from the tissues located in regions under the
side lobes.

3) Main lobe width: For decreasing the attenuation of
acoustic energy in brain tissue, the beam width of the
transducer should be small, otherwise the sound beam
will not be well directed to the target.

4) The focal distance (d) is also important for powering the
dusts with maximum acoustic intensity.

To achieve the proper design, available design parameters, as
shown in Fig. 4 are the wavelength (\) in medium, element
distance (g), element width (W), electrode thickness (t), and
the number of electrodes (NN). Among the aforementioned
parameters, the distance (g) and width (W) are calculated
based on the electrodes’ radii and the equation (3) for our
desired focal points, as explained in the previous section.
Here, we consider a focal distance (d) of 1lmm — 3mm,
which is the distance from the skull surface of the mice to
the motor cortex and the striatum. In this work, A depends
on the size of the piezoelectric receiver in the implantable

Fig. 4. Design parameters of the S-MRUT.

dust, which defines the operating frequency. In other words,
the resonance frequency of the piezoelectric receiver (i.e. the
proper operating frequency for the dust) and consequently the
wavelength of ultrasonic waves in the medium depends on
the dimensions of the piezoelectric receiver. The electrode
thickness is fixed at 10um in this work. Finally, the higher
number of electrodes (/NV) is a factor that gives us more
selectivity on the off-axis focal point as proposed in this
work. However, N is also limited because of the electrical
connections on the Printed Circuit Board (PCB) as well as the
space constraint on the piezoelectric substrate.

B. COMSOL simulation

Based on the ideas and theories presented in previous
sections, the transducer is modeled and simulated in COMSOL
5.4 (COMSOL, Burlington, MA, USA) for characterizing the
acoustic pressure and the intensity profiles in the medium as
well as finding the steering area by means of parameters. In
all simulations, the transducer and the water domain were
modeled in 3D, and PZT-4 is selected as the piezoelectric
material. The maximum acoustic intensity for the simulations
is considered as 7.2 mW/mm? based on the maximum FDA-
regulations intensity for acoustic waves in human body [13].
To model the sectored ring electrodes on the surface of
piezoelectric substrate, shell module is also implemented in the
simulations. Then, the pressure acoustics, solid mechanics, and
electrostatics in frequency domain were solved as physics of
the simulation. Regarding the boundary conditions, as shown
in Fig. 5, the S-MRUT is simply supported in solid mechanics
module (Fig. 5(a)). In the electrostatics, the sectors of top
electrodes are considered as the positive electrodes (Fig. 5(b))
and the bottom surface as the ground electrode (Fig. 5(c)).
In the pressure acoustics module, the spherical wave radiation
node is selected as the radiation boundary condition to remove
the reflections (Fig. 5(d)). For coupling the aforementioned
physics, the multiphysics node is added to the model with
the sub-nodes of piezoelectric effect and acoustic-structure
boundary. The former is responsible for coupling the solid
mechanics and electrostatics, and the latter for coupling the
pressure acoustics and solid mechanics.
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Fig. 5. Boundary conditions for (a) solid mechanics module with simply
supported plate, (b) electrostatics with the sectors of top electrods, (c)
electrostatics with the ground electrode, and (d) pressure acoustics with the
spherical wave radiation.

In our simulations, first, the resonance frequency of each
cubic size of piezoelectric for the dust was modeled. As men-
tioned earlier, the resonance frequency and consequently the
wavelength, were selected based on the resonance frequency of
the piezoelectric receiver in the dust. Fig. 6 shows the results
for different cubic sizes of the piezoelectric receivers. Since
the dusts includes a piezoelectric receiver with the dimension
of 0.5mm x 0.5mm x 0.5mm, the operating frequency of
2.9M H z has been chosen for the S-MRUT. The piezoelectric
plate with 0.5mm thickness is selected for the S-MRUT, the
same as the piezoelectric receiver in the dust. Before doing the
simulations on the acoustic profile of the S-MRUT, we need
to find the desired mode shape around the selected frequency.
Choosing the correct mode shape is one of the important
steps in designing the transducer, since each geometry has a
specific mode shape with a given profile for the displacement,
which relates to the output pressure. The preferable mode
shapes are gaussian and piston-like, as they can symmetrically
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Fig. 6. Simulation of the resonance frequency over the different sizes of
piezoelectric receiver in dusts.

3.27 MHz 3.82 MHz

Fig. 7. Simulation of the eigenmodes for the piezoelectric plate. Dark blue
color represents the zero displacement and dark red color is for the maximum
one.
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Fig. 8. Simulations of the mechanical stress for (a) inner active electrodes,
and (b) outer active electrodes.

vibrate with the maximum displacement around the center.
Since these two mode shapes occur in the frequency range
of kilohertz in our transducers, they were not selected. In
other words, the frequency range of kilohertz is equal to
few millimeter wavelength which is not appropriate for us
in terms of the desired focal distance. To find the desired
mode shape, eigenfrequency simulations were carried out as
shown in Fig. 7. As illustrates in the figure, each mode
shape includes vibrations in thickness and flexural modes.
However, the desired mode shape is the one with higher
vibrations in thickness direction. Based on the figure, the mode
shape with frequency of 3.27M Hz has been selected due to
the symmetrical vibrations in thickness direction around the
center. Based on the size of the piezoelectric receiver in the
dust and the mode shape, the frequency was selected. In the
next step, the electrodes’ rings on top of the piezoelectric plate
should be patterned. Since the active area on the piezoelectric
plate is the region with electrodes, only the top electrodes
should be designed. However, this depends on the mode
shape, and the electrodes should be mainly placed on a region
with the highest degree of displacement in eigenfrequency
simulation. Thus, the electrodes’ radii are designed based on
the equation (3) with the desired focal distances (1 — 3mm).
The electrodes are designed in a way that the inner electrodes
have a focal distance at 1mm, the outer electrodes focus the
waves at 2.5mm, and the whole transducer focuses the waves
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Fig. 9. Simulated normalized acoustic pressure for inner electrodes in (a)
and (b), outer electrodes in (c) and (d), and sectored electrodes at the same
quarter (e) and (f). In the plane normal to the S-MRUT surface (a),(c), and
(e) dark red shows the maximum pressure and dark blue is for the minimum
pressure.

at 3mm. As shown in Fig. 8 (a), when the inner electrodes are
active, the maximum mechanical stress occurs around the inner
electrodes. However, for the outer active electrodes in (b), the
maximum stress and consequently the maximum displacement
are around the outer electrodes.

After designing the electrodes with the desired require-
ments, we measure the steering area, the main lobe width,
and the ratio of the main to side lobe amplitude. In Fig.
9, the simulation results for the normalized pressure in a
plane normal to the S-MRUT surface, and also the polar
plot are shown. Figs. 9 (a) and (b) illustrates the acoustic
profile for the inner electrodes, (c) and (d) for the outer
electrodes, and (e) and (f) for sectored electrodes at the same
quarter. As expected, the inner and outer electrodes direct
the waves in the axial direction in front of the S-MRUT,
however, sectored electrodes at the same quarter are able to
focus the waves 0.678mm off-axis. In other words, with the
designed electrodes, we can have a steering area of 1.443mm?
if only one sector of each ring at the same quarter is driven
by an electrical signal. The main lobe width for the sectored
electrodes at the same quarter is 0.46mm, which is larger
than the inner electrodes with 0.4mm and the outer electrodes
with 0.35mm. The larger main lobe width for the sectored
electrodes at the same quarter is attributed to the asymmetrical
stimulation of the transducer. The main to side lobe ratio is
greater for the inner and outer electrodes when compared to
the sectored ones. Increasing the number of electrodes would

PZT Ag PR

Fig. 10. Fabrication process includes (a) protecting the backside of the
substrate with Si wafer, (b) spin coating photoresist on the front side, (c)
photo-lithography, (d) developing the photoresist, (e) silver etching, and finally
(f) removing the photoresist on both sides.

Fig. 11. (a) Size of the S-MRUT compared to the finger. Magnified view of
the S-MRUT in (b) on custom-designed PCB in (c).

improve the main to side lobe ratio.

IV. EXPERIMENTAL RESULTS
A. Fabrication process

For our experiments, we used a PZT-4 (APC International,
Mackeyville, PA) plate of 10mm x 10mm with a thickness
of 0.5mm, which is silver coated 10um on both sides. The
fabrication process is illustrated in Fig. 10. As the first step, a
two-step cleaning process of the sample in acetone, followed
by isopropyl alcohol in an ultrasonic bath for 5 minutes,
is performed. The substrate is then baked for 2 minutes at
120°C' to remove the water from the surface and enhance
the resist adhesion. The backside electrode is covered with a
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Fig. 12. (a) Diagram of the measurement setup, (b) photograph of the scanning region.

silicon wafer using a drop of photoresist and baking it for 10
minutes at 120°C'. Then, 1.8um photoresist AZ1518 (Clariant
Corp., Somerville, NJ) is spin-coated on the top surface at
4000RPM, and baked for 3 minutes at 100°C. To make
sectored patterns on the top electrode, photo-lithography is
carried out. Then, to improve the chemical stability of the
resist mask during the etching process, hard-bake is done for
10 minutes at 145°C. After cooling down the sample to room
temperature, it is etched in a silver etchant. After patterning the
top electrodes, the PZT plate is diced with a Disco DAD321
(Disco Corporation, Tokyo, Japan) (20000 R P M spindle speed
and 1(mm/s) feed rate) in the size of 3.8mm x 3.8mm
as shown in Fig. 11 (a). Then, for measurement purposes,
the fabricated S-MRUT is mounted on a custom-designed
PCB using ESL 1901-S polymer silver conductor paste (ESL
ElectroScience Europe, Berkshire, UK) and cured at 80°C for
30 minutes, thereby connecting the bottom electrode to the
PCB. Top electrodes are wire-bonded manually with a 17um
Au wire to the PCB as shown in Fig. 11 (b). On this PCB,
the configuration of the driven sectors is done using some
jumpers that can connect each sector to one of the two input
BNC connectors, as shown in Fig.11 (c).

B. Acoustic profile measurement

The acoustic profiles of the S-MRUT for different configu-
rations of the electrodes under excitation are measured using
the setup shown in Fig. 12. In this setup, an arbitrary signal
generator (Agilent Technologies 81160A, Keysight Technolo-

gies, Inc., Santa Clara, CA, USA) is used to generate the
sinusoidal signal and drive the S-MRUTS’ sectors under test.
The acoustic intensity at each relative position to the S-MRUT
is measured using an HGL-0400 hydrophone followed by an
AH-2010 pre-amplifier from Onda Corporation (Sunnyvale,
California, USA), which is connected to Rhode & Schwarz
RTO 1044 Oscilloscope (Rohde & Schwarz International
GmbH, Germany). For plotting the S-MRUT’s output acoustic
profile over a certain volume of water tank, the hydrophone
is moved using a Velmex micro-positioning system (Velmex
Inc., Bloomfield, NY) with a resolution of down to 5um.
The micro-positioning system, signal generator, and oscil-
loscope are all controlled simultaneously and automatically
through MATLAB (Mathworks, Inc., Natick, USA) scripts.
The obtained data is retrieved directly from the oscilloscope
via Ethernet LAN and saved by MATLAB on a connected
computer. For all measurements, the hydrophone is initially
located in the center position of the S-MRUT with a 1mm
distance. The initial 1mm distance is measured based on
the time-of-flight of acoustic wave in water (1484(m/s)).
Measurements are conducted in de-ionized water in a custom-
designed plexiglass water tank equipped with AptFlex F28
(Precision Acoustics, Dorset, UK) wave absorbers to dampen
the reflected waves from the tank’s walls.

To characterize different configurations of electrodes, our
desirable scanned volume in front of the S-MRUT was a
cube of 5mm x bmm in each slice with 5mm in depth. The
resolution of scanning profile in each slice is 200pum, however

0885-3010 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on July 16,2020 at 08:29:27 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2020.3001084, IEEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

JOURNAL OF

=)
3
Normalized Acoustic Intensity

-2 -1 0 1 2
X-axis [mm]

w

Z-axis [mm)]

Nermalized Acoustic Intensity

V=)
E=

-3 2 -1 0 1 2
X-axis [mm]

w

_
g}
S’

o
o
Normalized Acoustic Intensity

6

v

Fig. 13. Acoustic profile measurements of (a) the inner, (b) the outer, and (c)
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the gap between each slice is 500um. In all measurements, all
sectors are driven by a sinusoidal signal within the frequency
range of 2.5 — 3.5M Hz with a step of 0.1/ Hz and the am-
plitude of 5V),,. It should be noted that in each measurement,
in total 7436 grid points are scanned.

The acoustic profile of the inner electrodes is illustrated in
Fig.13 (a). The maximum acoustic intensity occurs at 1lmm
distance at 3.5M Hz on the axial direction along the central
axis of the S-MRUT, and it starts to decrease after the focal
point. The lateral resolution is quantified by calculating the

Full-Width-Half-Maximum (FWHM) which is 550um.

Fig.13 (b) shows the acoustic profile of the outer electrodes
where the maximum acoustic intensity is on the axis along
the S-MRUT at 2.5mm distance at 3.5M H z. Because of the
larger activated area of the S-MRUT, the acoustic profile is
distributed more than the inner electrodes. The FWHM here
is 500um.

Fig.13 (c) shows the acoustic profile of the S-MRUT when
all electrodes are driven by the same electrical signal. In this
case, the acoustic intensity is distributed with higher amplitude
and a wider area in comparison with driving only one of the
inner or outer electrodes. The maximum intensity is at 3mm
on the central axis at the frequency of 3.2M Hz, where the
FWHM is 600um.

Each of the sectored electrodes at the same quarter are
driven separately. Fig.14 (a) illustrates the acoustic profile of
driving the two sectors at the top left quarter. In this case,
the maximum acoustic intensity and FWHM are measured in
700pm off-axis and 800um, respectively. In Fig. 14 (b), the
two electrodes in the top right quarter are activated, and they
have the maximum intensity at 650m off-axis and the same
FWHM as before. Fig. 14 (c) shows the two electrodes in
the bottom left quarter. In this case, the maximum intensity
is at 1.1mm off-axis with the same FWHM. Fig. 14 (d)
shows the two electrodes in the bottom right quarter giving the
maximum intensity at 1mm off-axis and the same FWHM;
however the acoustic profile for this setup is different from
the others, and the focal point is at 1mm. The reason for this
discrepancy may come from the variation of the dimension
of the electrodes due to the etching variability in fabrication
process. The maximum intensity for all of these four cases is
occured at 3.5M Hz. Experimental results show that for the
sectored electrodes at the same quarter of the S-MRUT, one
can focus the acoustic waves off-axis, thereby increasing the
steering area for powering the dusts. Furthermore, it should be
noted that for these cases, the main lobe width is larger than
the inner, outer, and all excited electrodes which is due to the
asymmetrical configuration of the transducer.

C. Demonstration and application

To verify the S-MRUT for powering implantable dusts, we
immersed the S-MRUT and a dust in a water tank as shown in
Fig.15. The dust is glued to the PCB and is located in front of
the S-MRUT. The inner electrodes of the S-MRUT are driven
by the signal generator with an amplitude of 220mV,,, and a
frequency of 2.935M H z. The signal is amplified with a 50dB
RF power amplifier. Then the acoustic intensity is calculated
with the following equation:

Vor
8 X Mi(f)? x Zp,

Irms = )]
where V), is the peak to peak value of the voltage of the hy-
drophone, M;(f) in (3 ) is the sensitivity of the hydrophone
that can be found in the data sheet of the hydrophone (2.0883 %
1076(p-) for the given frequency), and Z,, in (M Rayl)
is the acoustlc impedance of the medium (1.5M Rayl for
water). Thus, the measured acoustic intensity for our S-MRUT
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Fig. 14. The acoustic profile measurements for two electrodes at the same quarter in (a) top left, (b) top right, (c) bottom left, and (d) bottom right. It should
be noted that in the schematic of the S-MRUT near each measurement, red shows the active electrodes and blue is for the inactive ones.

is 9.9059(2%.). Note that, the FDA-allowed time-averaged
acoustic intensity for body implants is 7.2(:2%), although
duty-cycling the signals based on the requirements allows us
to provide stronger acoustic intensities. As shown in Fig. 15
the dust is capable of driving a uLED using the harvested
ultrasonic power. It should also be noted that the video of this

experiment is prepared as the supplementary information.

As an example of how the S-MRUT will work to selectively
power the dusts, let us consider the schematic shown in Fig.16.
In mice, the motor cortex starts from 0.5mm below the skull
and the striatum is around 3mm below the skull. Given the
focal distance of the S-MRUT from 1mm to 3mm, it is able
to transfer ultrasonic power to dusts in the cortex or on the
surface of the striatum. To clarify the use of the proposed
S-MRUT, an approach can be that two dusts separated by
a distance (z) are placed on the surface of the striatum
and in the cortex as shown in the Fig.16. Referring to our
simulation and experimental results, each sector in a quarter
of the S-MRUT has 0.862mm off-axis focal point on average.
In other words, two dusts with maximum 1.725mm distance
can be powered with two excited sectors in different quarters.
Furthermore, another dust in depth of 1mm can be excited
with the innermost sectors.

| ssMRUT

Fig. 15. Side view of the measurement setup. The hydrophone, the dust, and
the S-MRUT are immersed in the water tank. pLED on the dust is lit up
when the S-MRUT is delivering acoustic energy.

Since acoustic intensity will be attenuated by traveling
through the brain tissue due to the absorption and reflection by
the tissue, the S-MRUT is simulated when surrounded by brain
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Mice Brain

Fig. 16. Schematic of cross-section of mice brain with only motor cortex and
striatum.

tissue and the results are compared with the water domain. Fig.
17 is given the result of the normalized acoustic intensity on
the focal point for the inner excited rings. As shown in the
figure the acoustic intensity is reduced by 15.7% through the
brain tissue for the given frequency, which is as expected due
to relatively short travel distance of ultrasonic waves through
the mouse brain.

T T T T T T

Water domain
1r ot 4
- Brain tissue

o o o
ES ) o

Normalized Acoustic Intensity
[=}

Fig. 17. Comparison of acoustic intensity on the focal plane into water domain
and brain tissue.

V. CONCLUSION

In this paper, we presented a sectored multi ring ultrasonic
transducer (S-MRUT) for powering mm-sized brain implants
at different locations inside the brain using a single transducer,
specifically designed for in vivo test in freely moving animals.
With a goal of powering the dusts in the striatum of a mouse,
the transducer was designed to sweep the focal point not only
on the central axis in the range of 1 — 3mm, but also in the
lateral directions. To this end, the theories, design parameters,
simulations, fabrication process, and experimental results for
the proposed transducer were presented. In simulations, the
resonance frequency for various cubic sizes of piezoelectric

receivers with their resulting wavelength were investigated.
Furthermore, the desired mode shape for the S-MRUT based
on the resonance frequency was simulated. Moreover, the
simulation and experimental results for acoustic profile of
different configurations of the S-MRUT were presented. Based
on simulation and experimental results, it was shown that the
radius of steering area for the proposed transducer is equal to
0.678mm and 0.862mm, respectively. Finally, the transducer
was tested with our prepared dust in an experimental setup,
and it showed the ability of powering the dust with a uLED
for optical stimulation approach.

In future, the transducer will be tested for in-vivo exper-
iments. In addition, the mechanical cross-coupling will be
investigated for the S-MRUT.
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