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Abstract

During the past decaddmplantable biomedical devices have emerged as an efficient treatrfoen
neurological disorders. Among them, lamtensity focused ultrasound (LIFU) has recently gained interest
due to its focusing ability, depth of penetration and reversible effects. Although the exact biophysical
mechanism that lead® the interactionbetween ultrasound and neurons is not clear yet, many successful
applications have been reported botim vitro and in vivoin animals, raising prospects for clinical
applications. Nevertheless, treatments were mainly delivered transcranially due to theflaaplantable
technolodes constraining the frequency range below 1 MHz. Thanks to the development of
biocompatible capacitive micromachined ultrasound transducers (GMUiltrasound has become
implantable opening the way for high frequency ult@amd neuromodulation.

In addition, implantable biomedical devices are becoming smaller and smaller, requiring their power
supply to follow this trend. Batteries can be a limiting factor for their miniaturisation and other powering
methods have been invagated. Among them, ultrasound as a means to wirelessly transfer power
represents the best tradeff betweenthe amount of available power, implanted receiver siaed depth

of penetration. Also in this case, biocompatible CMUTs could be usdrhrasduces to power an
implanted device. Yet they require a DC bias source in the order of tens of volts whiclpiactimalfor

an implanted device.

In this thesisthe application ofultrasoundfor implantable biomedical devices investigated First, the
modulation of the excitability ofn vitro mice hippocampalbrain slices(normal and epilepticusing high
frequency sonication protocolis explored.Secondly wireless power transfer using CMUT devices with
charges trapped in the dielectric which do not @ a DC bias voltage investigated.

The results indicate that high frequency ultrasound clearly affects the excitability of neurons, having an
excitatory effect when delivered using a 5 MHz continuous wave sonication produite it inhibits the
neuronswhenthey areexposed to pulsed wave ultrasound at 13 MHze htensities used were in line or
much lower compared to values used by other groups of researchers. In addition, ultrasound power
transferwith anefficiency higher than 48% was achiewsingCMUT devices withhargegpermanently
trapped in their ALO; layer. This dficiency was in line with values obtained by other groups using
piezoelectridransducers

Based on these resulti is clear that ultrasound, specifically using implantabMUT devices, has a great
potential to be used in bioelectronic medicine applications for both the treatment of neurological
disordersas wellas a means of power transfer.
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1 Introduction

Ultrasound refers to acoustic waves in the range of frequenaiesve 20kHz. It is used in many
applications which require the detection of objects or the measurement of distances. In medicine, it is
mainly used to visualise structures inside the body in aingasive way, for therapeutic purposes such as
thermal abldion of the soft tissues, physiotherapies of the muscular conditions, and lithotripsy of the
kidney stoneg1].

Ultrasound is generated by ultragod transducers, which convert energy from tledectricalto the
medhanical domain and vice versa. Theyarc be either piezoelectric transducers or capacitive
micromachined ultrasound transducers (CMUT). While the former relies on the mgeinaiinsic
piezoelectric properties, the latter are based on Mi&lectreMechanical Systems (MEMS) technology.
Among the different piezoelectric materials, PZT (lead zirconate titanate) is most commonly used, however
it contains leadand istherefore not biocompatible. On the other side, thanks to the advancements in both
fabrication technology and materials sciencEMUTdevicescan be madebiocompatible,and could
therefore be implanted in the bod2].

This, together with their @se offabrication compared to piezoelectric transducers, opte way for their

use in nany other biomedical applications. In this thesis, the effects of high frequency ultrasound on the
excitability of the nervous system are investigated in order to determine the feasibility of this
neuromodulation technique to potentially encourage the rasgh on the fabrication of CMUT devices for
this application. & asecond applicatiorthe use ofCMUT deviceas an implantable ultrasound transducer

to wirelessly power implantable bioelectroniisexplored.

The thesis is therefore divided in two paris the first part, including chapters from 2 16, the ability of
ultrasound to modulate the spontaneous activityinfvitromice hippocampi is presented. This was done

by designing an experimental setup and various sonication protocols to be testhd oall preparatios.

The second partincluding Chapters fro®ito 12, presents thecalculationof the power transfer efficiency

of capacitive micromachined ultrasound devices with charges trapped into the dielectric. A general
conclusion, presenting themain achievements, is provided at the end of thesis, in Chaptet3.
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2 Introduction

Neurological disorders are disorders of the nervous system of which the most cormracepilepsy,
tFNJ]Ayaz2yQa RA&SIFAST Y2G2N) ySdzZNPy RA&SFaSasz YAINT
YR YdzaOf Sasx yR Ay Hnmp (GKSaS RAASIaS,@B&MS O2 dzy i
an expectancy to grow in both low and higfitome countries wer the next decadefs].

The most common treatment® neurological disorders are pharmacological interventions and surgical
treatments. Sometimes they are not effective in treating the disease due to the development of drug
dependencies, lack of spatial specificity or incompatibility with surgery. Howievitre past few decades

other treatment methods have been developed which include deep brain stimulation (DBS), transcranial
magnetic stimulation (TMS), vagus nerve stimulation (VNS) and infrared rad@tibike phamacological

treatments, TMS and infrared lack spatial specificity, but they have the benefit of beirigvvasive[7].

DBS can reach high specificity but it requires surgery and implantation of the stimulating electrodes deep

into the brain which may cause inflammation, bleeding and cell dgjth

It is therefore evident that solutions that are botton- or lessinvasive and with higher spatial specificity
need to be investigated. The most promising candidate is represented by ultrasound whose capability of
modulating the nervous system was discovered almost one century ago by Harvey who observed the
twitching of a frog sciatic nerve during irradiation with ultrasoy@t In the last few years the number of
studies on ultrasound effects on peripheral nerves, receptors and brain excitability has increased, and it
has been found that lovintensity focused ultrasound (LIFU) waves can reversibly elicit or suppress
neuronal actvity [10]. In addition, focused ultrasound can reach submillimetre precision, which makes it
ideal for precise neuromodation [11].

2.1 Biophysics of ultrasound

The interaction between acoustic waves and biological tissues depends on the tissue properties,
ultrasound beam configuration and exposure parameters. In liquid media, sucht@sorddealised soft
tissues, ultrasound waves can only propagate longitudinally, meaning that the particles inside the media
moves back and forth with respect to the direction of propagation of the acoustic {8gvd2]. They are
generated by an ultrasound transducer that can output a plane wave, in case of unfocused devices, or
concentrate the acoustic energy in pegific location, the focus point, in case of focused devices. The
focusing effect is one of the most important characteristics of ultrasound and can be achieved by designing
specific lenses for the transducer or with beamforming techniques.

The type of nadium determines also the speed of propagation of tlewstic waves, which in water

based media, has an average velocity of 1500 m/s. This value dramatically increases in hard tissues like
bones.The sound velocity within the medium influences the chacteristic acoustic impedance (Z),
defined asw " cwhere” represents the density of the medium. The additional sign, determines
whether the wave is travelling forward (+) or backwasd[12]. Furthermore, the acoustic impedance
distinguishes a certain medium, and it may be different in two adjacent structures. The type of medium is
also responsible for the amount of energy that is attenuated by the medium. The attenuation coefficient

( ) is described by the relation™Q | "Q where] andare parameters whose values depend on the
tissue, whil€'Qis the frequency6].| is measured i 6c&r 0 "G , therefore the penetration of the



acoustic wave in the tissue is inversely proportional to the frequency. This is described by an exponential
that models the decrease of the ultrasound wave intensity along itis, gxpressed by the relation:

‘0 "0tQ (2.1)

WhereOis the intensity ato 1. The energy lost is being absorbed by the tissue in the beam patti and i
the rate of heat production is high than the rate of heat removal, the temperature of the medium
increases. As the temperature increases, the rate of biochemical reactions also rises, and if the
temperature is too high, proteins can denatyd]. This mechanism is used, for example, in ultrasound
tissue ablation therapies. However, in case of neuromodulation, temperature increase should be avoided
to prevent the formation of lesions. Thikeermal index (TI) is used to quantify the temperature elevation:

()

YO — 2.2
YO.,O 2.2)

whereOis the acoustic power at the depth of interest ai@l is the estimated power necessary to raise
the tissue equilibrium temperature by 1{€2]. Depending on the type of tissue exposed to ultrasound,
three different thermal indices are defined: thermal index for soft tissue (TIS), thermal index foabone
focus (TIB) and thermal index for bone at the surface (IB])

Besides thermal effects, ultrasound can interact with tissues mechanically via cavitation or acoustic
radiation force. Cavitation is théevelopment of microscopic bubbles in an acoustic field when subjected
to high negative pressures. Two types of cavitation can be defined: inertial cavitation and stable cavitation.
The former can cause the bubble to collapse, imploding or explodingdemehding on the violence of

the effect it could lead to the formation of free radic§ist], but also to tissue destruction. This principle

is used for the fragmentation of kidney stones. On the other hand, stable cavitation does not produce
damage and can be safely used tound changes in the conductance of the cell membrHitd. The
second mechanism, acoustic radiation force, is the development of a mechamaaproportional to the
intensity of the acoustic wave which displaces the sonicated mefli6inTo estimate the strength of the
mechanical interaction, the mechanical index (MI) is used:

00 & cooon—_Q (2.3)

wherer] is the peak negative pressure in MPa &fthe sonication frequency in MHz.

While High Intensity Focused Ultrasound (HIFU), is typically used for the ablation or fractionation of soft
tissue[17], Low Intensy Focused Ultrasound (LIFU) has been found to excite and inhibit neural tissue
with intensities similar to the ones used in ultrasound imaging. Howewadetys limits for the use of
ultrasound for neuromodulation have not yet been defined. Therefore nlsimum ultrasound output

levels used for imaging applications are used as a reference for neural stimulation. The maximum allowed
intensity, mechanical and thermal indices are summarisekhivlel.

Tablel Safety limits for ultrasound neuromodulati¢h?]

T ¢6

Ml ¢1.9

|spta ¢ 720 mW/cn?
|sppa ¢ 190 W/CIT'F




2.2 Cellular mechanisms behind ultrasound induced neuromodulation

The principle behind ultrasound neuromodulation is the modification of the signalling between neurons
by which by the brain receivesensory information and issues motor commands. Neurons, like other cells
in the body, have a separation of charge across their membrane, responsible for the resting potential.
Electrical perturbations, such as action potentialsetectrical stimulation, can cause the secretion of
neurotransmitters at chemical synapses. They will link to specific receptors of neighbouring neurons and
activate or deactivate ionic channels, causing an ionic current through the membrane and modhéying t
potential across it. However, other than chemicalygulated channels, the ionic flow through the
membrane of the neurons is determined also by channels regulated mechanically or thermally with which
ultrasound waves are thought to interact. There doair main theories that attempt to explain the
mechanism behind the generation of action potentials during US exposure.

The first one is the direct mechanical alteration of the mechanosensitive ion channels within the cellular
membrane due to US. Theseedhe voltagegated ion channels (sodium, potassium and calcium channels)
which possess mechanosensitive properties. The acoustic wave displaces the cellular membrane in which
the channels reside, activating them and causing the generation of an actientf@{18], [19]

The second mechanism is the effect of acoustic cavitation which could create nanobubbles inside the lipid
bilayer of he cell membrane. Ultrasound causes their expansion and contraction consequently modifying
the conformation of the membrane. This could first activate mechanosensitive channels and, if the applied
pressure is high enough to cause their collapse, poregtaraimilar openings could be formed. As a
consequence, the permeability of the membrane will change, altering the ionic currents, therefore the
process of action potential generati¢20].

The concept of acoustic cavitation is also the starting point for the formulation of the third hypothetical
mechanism. Conformational changes of thellanembrane result in the variation of its electrical
properties. Rapid oscillations of the two layers of the cell membrane are hypothesized to result in a
variation of its capacitance (C), giving rise to hyperpolarising currents proportional to the su@enbr
potential and the capacitance variatioh wt'Q &Q o[21].

The fourth mechanism is related to the thermal effects of ultrasound. It has been shown that the increase
of temperature can disrupt the synaptic contacts , therefore being more likelyotdribute to the
inhibition of the neural activity22].

However, what is the exact molecular mechanism leading the interaction between ultrasound waves and
neural tissue is not cé yet and more likely it involves a combination of multiple factors, including also
the sonication protocol.

2.3 Ultrasound parameters for the modulation of the nervous system

Ultrasound neuromodulation protocols are distinguished by the transmitting modeeohcoustic waves,
which could be continuous wave (CW) or pulsed wave (PWOntmaous wave mode, the acoustic wave

is transmitted for the entire duration of the treatment, while in PW mode, the acoustic wabreasly for

a short duration, named tonburst duration (TBD), during which a certain number of wave cycles occur,
and after which oroff period follows The rhythmic alternation of then and off period has usually a
constant frequency, named pulse repetition frequency (PRF), and it is repeatadiefined time period
which is the treatment timeKigurel.A).
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Figurel Graphical representation of the sonication parameters with respect to the prét@goPulsed wave. B) Continu
wave.

Ultrasound waves are generated by an ultrasound transducer which outputs an acoustic beam with an
intensity depending on its driving voltage. Two definitionsirdénsty are being used. Spatipkak
temporalaveraged intensity ¢br), which is the intensity averaged over the treatment time, and spatial
peak pulseaveraged intensity {bp), Which is theaverageultrasound intensity in each tonburst. Further
details on their mathematical formulation can be foundAppendixA.

The effects of ultrasound neuromodulation have been demonstrated by experiments inrbweitino and

in vivg mainly on small size animals, highlighting ttiet outcome of the experiments depends on the
careful tuning of the different parameters presented above. Both excitation and inhibition of the neural
activity can be achieved, although there is still no agreement on the optimal combination of US pasameter
to achieve a specific neuromodulatory effect.

The acoustic beam must deliver a sufficient amount of energy to the target tissue in order to alter its
excitability, but it has to remain below the safety limits to avoid permanent damage. The intensity of a
US beam attenuates exponentially with the propagation in the tissue due to its dependence on the
sonication frequency. Therefore, the higher the frequency, the higher is the intensity required to obtain a
neuromodulatory effect. This can be seenHigure2.A where the relationship between intensity and
frequency is depicted. The values were obtained from the analysis of the literature on both the inhibition
and the stimulation of the central nervous system of animiigure2.A alsoshows that most of the
studies investigated the effects of ultrasound at frequencies below 1 MHz due to the fact that, in the
majority of them, US was delivered transcranially. The skull has a much higher absorption codicien

soft tissue, which increases the amount of energy lost during the propagation of the acoustic beam. The
higher the loss of energy, the higher the increase of temperature of the treated area which explains why
transcranial neuromodulation must be ofged at low sonication frequencies. In addition, the skull has
almost an order of magnitude higher acoustic impedance, compared to the underlying brain tissue which
causes impedance mismatch and scattering of the acoustic waves.

The lower the frequencythe lower the spatial resolution, resulting in a larger focus point which could
influence the neural activity of areas adjacent to the one targeted by the treatment, causing their
undesired stimulation or inhibition. It is therefore clear that in ordeathieve high spatial resolution and
target deepseated brain regions, higher frequency must be used and its effects on the activity of the
nervous system investigatebh addition, smaller focus points create a higher intensity gradient which was
hypothessed to be more efficient in stimulating the neuronal actiy2g].



In order to limit overheating of the tissue, pulsed wave protocols are typically preferredtfasaind
neuromodulation, for which the duration of the toA®ursts needs to be defined. The analysis of literature
seems to indicate a decreasing trend in the relation between fomest duration and pulse repetition
frequency, suggesting that shorter tetbursts are necessary for higher repetition frequenckegire2.B).

In addition, it was hypothesised that neurons that have just been stimulated are more responsive to
successive treatmenfd 5].
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Figure2 Sonication parameters extracted from literature. A) Relation between spagiak temporalaverage intensity ar
sonication frequency. B) Relation between temerst duration (TBD)rad pulserepetition frequency (PRF). Orange trian
stands for studies in which stimulation was achieved while green squares for inhibition studies.

2.4 Experiment characteristics

In addition to the sonication parameters, also the type of ultrasound transducer, measurement method,
experimental setup and the type of cells animal needs to be chosen. In the studies on ultrasound
neuromodulation, small size animals, such as rats, mice and rabbits, were typically used because they are
easier to handle compared to the large ones. Moreover, for thitroandin vivoexperimeris, the brain

areas often chosen were the hippocampus, thalamus and the different types of cortices.

Inin vivoexperiments, animals must be anesthetised to avoid bites or other injuries to the experimenters
or the instruments, but the level of anaesthesiasfound to heavily influence theuccess rate of the
experiment[7], [24], [25] making it difficult to compare the results obtained by different groups. In
addition, both focused and unfocusé&@nsducers were used, and especially the use of both an unfocused
transducer and a small size animal poses the problem of the possible creation of constructive and
destructive interference inside the brain due to the reflection of the sound waves inséskull, which
causes a discrepancy between the output pressure of the transducer and the real pressure inside the brain.
A detail of the ultrasound parameters used in the analysedistican be found in the Appendices chapter.

2.5 Goal of the project

Fromthe previous paragraphs it is clear that, although the results are highly variable, ultrasound can excite
and inhibit the neural activity in a reversible and safe way. In most of the cases, ultrasound for the
modulation of the nervous system was deliveteahscranially, at frequencies below 1 MHz. Although on
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one side this guarantees the treatment to be niowasive, on the other side, for areas deep inside the
brain submillimetre precision cannot be achieved. In addition, piezoelectric transducers ypécally

used to generate the ultrasound beam, but they are bulky devices that needs to be driven by a power
amplifier and a function generator, and they also contain lead, which makes them not biocompatible.

These two limitations can however be overcoime using a new technology for the generation of the
ultrasound waves. Specifically, capacitive micromachined ultrasound transducers (CMUT) devices could be
used instead of piezoelectric transducers. CMUTs are tiny devices, in the order of hundreds of
micrometres, and can be made biocompatible. Therefore, they could potentially be implanted underneath
the skull, making it possible to increase the sonication frequency, and by removing the limitation of the
energy absorption by the skull, the spatial spedificf the treatment will increase. This idea is depicted

in Figure3, where CMUT devices are placed on top of the brain, therefore not requiring implantation of
electrodes. By precisely steering the ultrasonic beam, deep andttungtres can be targeted. However,
investigations on the effects of high frequency ultrasound on the activity of the central nervous system
have not been conducted yet.

Figure3 Schematic of ultrasound neuromodulation opera
by CMUTSs devices cdeg to the brain.

The goal of this project is therefore to investigate the effects of ultrasound frecjge above 1 MHz on

the excitability of the central nervous system. This thesis presents the design of an experimental protocol,
including both the setup and various sonication protocols to be testeid @itro cell preparations of mice
hippocampi, compsing also cells transfected with epileptic genes. Two ultrasound frequencies are
investigated, namely 5 MHz and 13 MHz, using both continuous wave as well as pulsed wave sequences
combined with different treatment durations and pulse repetition frequescie

The remainder of the thesis is organised as follows. Ch&utescribes the materials and methods for the
experiments and the analysis of the results. The results of the experiment are presented in Ghapter
followed by their discussion in ChapterFinally, Chapte6 concludes the thesis with a summary of the
achievements and Chapté@rcontains some recommendations.
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3 Materials and methods

3.1 Experimental procedures

3.1.1 Cell culture

The experiments were conducted at the Erasmus Medical Center (Erasmus NRG)terdam, the
Netherlands. The neuronal cultures were prepared crossing FvB/NHsD females with FvB/NHsSD males (both
ordered at 810 weeks old from Envigo). Primary hippocampal cultures were used for the experiments and
prepared by isolating the hippocamfspom the brains of E16.5 embryos. After dissociation, the neurons
were plated on coated MEA (Multielectrode Array) plates at a density of 3*fetQvell in a volume of

500niL (detailed description of the culture preparation can be found in the methedsos of[26]). The

plates were stored at 375 % CQuntil the day of transfectiorHalf of the culture was transfected in order

to induce epileptic behaviour. They will be referred to as epileptic cells in this thesis, while the non
transfected cells will be referred to as normal cells. The neurons were incubated until the cultur@was 2
days old. All animal experiments were approved by the Erasmus MC institutional Animal Care and Ethical
Committee, in accordance with European and Institutional Animal Care and Use Committee guidelines.

3.1.2 MEA and acquisition system

The MEA plates used ihis work have 24 wells, each with 12 gold electrodes coated with PEDOT (poly3,4
ethylenedioxythiophene) plus 4 reference electrodes. Each electrode has a diameterroh 3hd is
arranged on a 4x4 grid at a pitch of 3@ (MultiChannelSystem, Germanyystrated inFigure4.A-B.

The extracellular signals were recorded using a commercially available acquisition system
(MultiChannelSystem, Germany) at a sampling frequency of 10 kHz. In addition, the recorded data was
filtered by the recording system using #-érder low-pass Butterworth filter with a cutoff frequency of

3.5 kHz and a"2order highpass Butterworth filter with cutoff frequency of 100 Hz. The activity of the
neurons was recorded for five minutes before the startted ultrasound exposure; this will be referred

to as the baseline in this thesis.

3.1.3 Experimental setup

A custom lid was designed and fabricated in order to cover the MEA headstage (MultiChannelSystem,
Germany) to ensure a constant ambient over the MEAeptHt 5% C@and 95% @using an external
oxygenation system interfaced to the litha small tube. The custom lid was provided with circular holes
corresponding to each MEA well, to allow the US transducer to enter the well. Only two wells were used
simultaneously for each of the transducer, therefore during each experiment the other holes were kept
closed with a cap. A support structure for the US transducers was designed to ensure a constant height
and alignment with respect to the underlying well.ghiment holes were engraved onto the lid to allow

the transducer support structure to be positioned precisely with respect to the lid and the MEA well. A
clamping system was also designed and fabricated to keep the MEA headstage and the lid in a fixed
position with respect to each otheFigure4.D to F depicts a crosection of the transducers placement
inside the wells and a schematic of the complete experimental s&efails on the fabrication of the lid

and of the clamping sy&m can be found in Append®
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Figure4 Experimental setup used at the Erasmus MC. A) MEA plate with 24 wells with 12 PEDOT electrof8y. 3
Microscope view of electrodes inside each well of the MEA, showing their arrangement. C) MEA headstage
transparent lid with holes aligned to every MEvell; topleft corner the two wells used for the trigger signal, and cus
holder for the transducer and aluminium support to fix the lid to the MEA headstage. D)<exgm of the experiment
setup for the 13 MHz transducer, showing the relativeifion of the transducer with respect to the cell culture. E) San
D) but for the 5 MHz transducer. F) Schematic of the experimental setup.
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3.1.4 Focused ultrasound setup

Two focused US transducers were used in this study, namely a 5 MHz (Olympus, V310) and a 13 MHz
(Olympus, V312). The former was operated with a sine wave at 5 MHa \pihkto-peak voltage of 36

V, while the latter was driven at 13 MHz and pé¢alpeak voltage of 20V, both depicted kigure5.GF.

The 5 MHz transducer was operated by a signal generator and a power amplifier. The signabnatsden

using a RedPitaya boaj2i7]. This small credit card size board comprises two function generators that are
programmable taenerate arbitrary waveforms. The 13 MHz transducer was driven by a siaglestiof

the WUP (Wireless Ultrasound Pataystem, which is a Philips proprietary, experimentatBannel
programmable ultrasound system. The Red Pitaya and the WUP systemngrammed to generate an
external trigger signal to indicate the start and the end of the US exposure. These signals were recorded
using two of the wells (IRigure4.D the two wells on the tofeft corner).

Direct measuremenbf the acoustic pressure at the bottom of the well is not possible in this setup.
Therefore, a separate measurement was performed in a water tank setup using a calibrated needle
hydrophone (Precision Acoustic Ltd) mounted on a high precision xyz scahadnydrophone needle

was scanned in a plane perpendicular to the transducers at exactly the same distance as the bottom of the
well is located from the transducers in the cell experiment (details on the pressure measurement setup
can be found iAppendixA). The peakegativepressure was 0.17 MPa and 0.18 MPa respectively for the

5 MHz and the 13 MHz deviceiure5). The corresponding mechanical indices (M) were 0.08 for the 5
MHz and 0.05 for the 1®81Hz transducer, both below the safety limit. In addition, the peak negative

A) 5 MHz transducer D) 13 MHz transducer
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Figure5 Pressure profiles and focus shape of the two focused transducers used doeingxperiment, measured with tl
hydrophone. A) 5 MHz transducer: shape of pressure profile. B) 2D projection of the 5 MHz pressure profile: wt
corresponds to the MEA electrodes location; magenta line corresponds te6tltB profile. C) Signaiput to the 5 MH
transducer. D) 13 MHz transducer pressure profile. E) Projection of the pressure profile @ane of the 13 MHz transduc
white cross is the area occupied by the electrodes and magenta line i6 ti# profile. F) Signal input tbe 13 MHz transduce
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pressure was below 40 MPa, which is defined as the safety limit for ensuring no cavitdditad damages
[14].

3.1.5 Sonication protocol

In this section, the different sonication protocols used for the tnansducers are explained. The 5 MHz
transducer was driven in continuous mode for 15 and 30 seconds. The US exposure was repeated three
times, with a 5 minutes observation interval between each expodgtigrife6.A). The 13 MHzansducer

was used in pulsed mode with exposure durations of 60 and 180 seconds. Also in this case, the exposure
was repeated three times with an observation period of 3 minutes in between each exposure. The tone
burst duration (TBD) was kept constant at3ns (15 cycles), while the pulse repetition frequency (PRF)
was 800 Hz and 1 kHz for two different trials during the experimé&gufe 6.B). The different
combinations of parameters tested during the experiment are summarisddlle2, together with &ppa

and kpracorresponding to the parameters described above. Each combination was tested on a different
well of the MEA. In addition, the diameter of th&dB level of intensity was calculated to be ab400mm

and 800m for the 5MHz and the 13 MHz transducer respectively.

Table2 Combinations neuron typeonication parameter

Frequency Cells type Treatment Observation PRF Isppa IspTaA
time (s) time (min) (H2 (W/cm?)  (mW/cm?)
Normal 15 5 -
Normal 30 5
5 MHz Epileptic 15 5 i 929.9 929.9
Epileptic 30 5 -
Normal 60 3 800 1.03
13 Mk Normal 180 3 1000 1.18 1.29

3.2 Data analysis

Extracellular signals were obtained using the Multivdteen software application (MiChannelSystem,
Germany) which outputs the recorded signals in a proprietary data fofa&t The different files where
then converted ta*.hdf5 format for further processing with MATLAB

No additional filtering was applied to the recorded data. Recordings were inspected and electrodes with
an excessivehnhigh baseline noise level were discarded from the analysis, assuming that they were
contaminated or damaged during the preparation of the cells. A spike detection algorithm based on a
differential threshold was usef®9]. The detected spikes were used to idenbifyrsts of activity, defined
as a sequence of closely packed spikes, separated by a time interval namespikeemterval (I1SI). The

A) B)
[Fus 11 Post 1 IFUS 21 Post 2 IFUS 31 Post 3 | [FUS 1I Post 1 IFUS ZI Post 2 IFUS 3I Post 3 ]
@« Pulsed Wave sonication
Combination 1: FUS1-3: 15s, Combination 1: FUS1-3: 60s, Post1-3: 3min
[m”“m 't 'mj Post1-3: 5min {m_m_' ** _mj PRF: 800Hz, TBD: 1.15pis
Combination 2: FUS1-3: 60s, S Combination 2: FUS1-3: 180s, Post1-3: 3min
Post1-3: Smin 1/PRF PRF: 1000Hz, TBD: 1.15ps

Continuous Wave sonication

Figure6 Diagram of the sonication protocols. A) Continuous wave sonication: three consecutive exposures to US of ¢
duration. B) Pulsed wave sonication: three consecutive focused ultrasound (FldS)res followed by an observation per
and different combinations of parameters.
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minimum distance between two consecutive bursts was set to 100 ms, defined adumstinterval (IBI)
[30]. The distance between consecutive spikes inside each burst is defined as ISl in burdeathese
are depicted irFigure?.

IBI

- -
ISl in burst Burst duration ISI

Figure7 Spike train features. Yellow shading indicates a burst.

In addition, since multiple electrodes were recorded at the same time and the neurons inside each well
behave as a collective, the spikes and bursts appear simultaneously at multiple sites. Therefore, a network
burst detection algdathm was used to quantify the correlated firing among different electrodes and its
variation following the US exposure of the neurons. The network burst amplitude was calculated as the
product between the number of active electrodes and the number of detéspikes for each time
window of 50 ms, following an approach similar to Chiappalone ef38]. Further details onhe
algorithms used for spike and burst detection can be fourdidpendixB.

All numerical results were presented as mediamedian absolute deviation. The significance of changes
in parameters was assessed bCaNA S R Y I, WHh is theSrbrparametric version of the twavay
ANOVAR3L1]. It tests the null hypothesis that there is no difference between the populations, based on the
median value of the tested variable. In addition, a plost Dunn & Sidak comparis{8f] was carried out

to test differences between the different phases of the experiment. Statistical significance was defined for
p < .05. Statistical analysis was performed using MATh#iB-in functions.
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4 Results

In this chapter, the results obtained from the exposure of the epileptic and normal brain cells to ultrasound
are presented. All figures refer to median values calculated for every valid electrode, and across all the
valid electrodes of each EA well, including also a measure of their statistical significance.

4.1 Cells behaviour

Normal and epileptic neurons showed a different firing pattern. The normal neurons were characterised
by a rather irregular firing frequency, with action potentials maiigdolated from each other and few
sporadic and short burstfigure8.A). The epileptic cells showed a more regular firing pattern, with spikes
grouped into bursts and few isolated action potentiaigg(re8.B). This characteristic behaviour was
modified by the neuromodulation capability of ultrasound as described in the following paragraphs.
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Figure8 Spikes pattern previous exposure to ultrasound. A) Normal cells: action palteate sparse with sporadic bursts. B)
Epileptic cells: action potentials are fired in bursts and (almost) no spikes are detected in between two consecutive bursts.

4.2 Ultrasound exposure of epileptic cells

During the ultrasound exposure, the spike ratetaf epileptic population increased considerably for both
treatment durations compared to the baseline, as visiblEigure9 where the green area corresponds to

the period of US exposure. This was followed by a silence peried wftich the activity of the cells
recovered to their baseline spiking behaviour, for the 15s exposure. The spike rate set to values higher
than the baseline for the 60s exposufiée silence period was defined as the longest time during which

no spikes wee detected, represented by the light blue areaFigure9. In addition, the spike rate of the
neurons treated for one inute dropped after the first fewseconds of exposure, even though the
sonication continued, represented byelpatterned area ofigure9. This can also be observed in the
raster plots ofFigure9 (plots in the second row ofigure9.A-B respectively), where no spikes were
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Figure9 Spike rate and raster plots of epileptic cétlsthe two treatments durations. A) 15 seconds exposure: (top row)
rate, (bottom row) Raster plot. B) 60 seconds: same as A). Green band indicates the treatment time; light blue aree
the silence period; patterned area indicates periodookrlap between treatment and silence period. First number of
electrode number refers to electrode row; second number refers to electrode column.

detected by mostof the electrodes in the area highlighted in light blue. Moreover, while the short
exposure time resulted in an excitation duration and a silence period which did not show significant
variation over the three consecutive exposures, the effect of the swmo for sixty seconds differed
significantly between the first and the last exposure; the duration of the excitation increased while the
silence period shortened~{gurel10.A-B). Ultrasound affected also the burst pattern of tipgkes. Initially,

the bursts had an average duration of about 350 ms, extracted from the baseline activity. This value
significantly decreased during the ultrasound exposure and returned to the baseline value during the
recovery period, defined as the tinfeom the end of the silence period until the next treatment or the
end of the experimentRigurel0.C). Significant effects of the exposure to US were also seen on the time
between two consecutive bursts, namely the intairstinterval (1BI), which was reduced by 60% for both
the types of treatment Figure10.D), following the same pattern described for the burst duration. In
addition, the sonication increased the
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Figurel0 Effects of ultrasound exposure on epileptic cells. A) Silence period duration among the three different treatn
both the treatment durations. B) Duration of the excitation among the three different treatments. C) Burst duration com
for the two treatment lengths. D) InteBurstinterval comparison between the two treatments durations. E) Burst ampl
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time between two consecutive action femntials within each burst (ISl in burst). ISl in burst can also be
seen as the inverse of the spike rate in each burst, named burst amplitude as in Chiappalo[89gtial.

fact, during the shortest exposure, the amplitude had a-falll decrease, returning to the baseline value

in the recovery periods, while for the longer ultrasound exposure, the effect of the tifgieiment was

more moderate than for the first one, however statistically signific&igrel0.E). Moreover, exposure

for one minute to ultrasound significantly modified the spike pattern of the neurons, increasing the
percentageof isolated spikes during the exposure, calculated as the ratio between the number of spikes
not part of a burst to the total number of spikes, in a time window of fifteen seconds, and averaged over
the corresponding phases of the experimemigure 10.F). The shortest exposure did not cause a
meaningful variation of this percentage.

The network activity, which measures the synchrony of spikes and bursts across the recording electrodes
in each MEA well, was also quantified showiwg different patterns for the two exposure durations
(Figurel0.G-H). During the shortest exposure, the network amplitude steeply decreased during the first
twenty seconds, to later jump to values above the average of the basatithe end of the silence period,

and eventually converge to the average baseline value. Similarly, during thmionée exposure, the
network amplitude dropped during the first few seconds of the ultrasound exposure, to increase and
eventually convergéo the average baseline value as well. The reduction of the network amplitude was
mainly influenced by the smaller number of spikes in each time window and the number of active
electrodes did not decrease during the ultrasound exposure.

The spike amplitde also changed during the exposure to ultrasoundrigurel0.I the amplitude of the
spikes recorded from a representative electrode shows a reduction in amplitude during the exposure time,
and a sudden sharp increase after thedeof the silence period. This was followed by a decrease of the
amplitude towards values recorded before the exposure to ultrasound. The decrease in amplitude during
the exposure to ultrasound is visible alsd-igurel0.Jwhichdepicts a detail of the signal recorded during

the first ten seconds of the exposure. In addition, this figure shows that ultrasound did not have an
immediate effect on the spike train and the distance between consecutive bursts started to shorten
signifiantly only after about two seconds from the start of the expostigurel0.K shows in fact the
shortening of the IBI from the first to the consecutive bursts.

4.2.1 Statistical significance of cell behaviour modification due to ubwasl
exposure

The results obtained from the analysis of the spike trains showed that the calculated variables do not
follow a normal distribution, therefore neparametric tests were used to assess the statistical significance
of the changes in the firingatterns caused by ultrasountlable3 summarises the results of the statistical
analysis together with the significant results of the comparison between the different phases of the
experiment. There were no significant differendegween the nonrlisted pairs.
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Table3 Summary of Friedman's test results for epileptic cells exposure to ultrasound at 5MHz

15 seconds 60 seconds
. .2 Df p-val. Signif. posthoc .2 Df p-val. Signif. posthoc
Variable comparison comparison

BasekFUS1 p < .05
FUS%Postl p < .001
FUSZPost2 p < .05

FUS3Post3 p < .001
Basel:FUS1 p < .05
IBI 541 6 p<.0001 FUS%Postlp=.0001 71.3 6 p<.0001
FUS3Post3 p =.0001

BasekFUS1 p < .01
Burst amplitude| 58.8 6 p<.0001 FUSIPostl p<.01 | 654 6 p<.0001
FUS2Post3 p < .0001]

Burst duration | 50.5 6 p <.0001 43.3 6 p<.0001 BasekFUS1p<.01

BasekFUS1 p <.000:
FUSZPost2 p < .0001

BasekFUS1 p <.001
FU3-Postl p < .01
FUS2Post2 p <.0001
FUS3Post3 p < .01

4.3 Ultrasound exposure of normal cells

Similarly to the epileptic cells, also the firing pattern of the normal neurons was strongly modified during
the exposure to US.

4.3.1 Continuous wave at 5 MHz

The spik rate increased during both exposure durations, except for the first of the three 15s exposures.
During the shortest treatment, the activity of the cells stopped for few seconds afteemigeof the
exposure, followed by a silence period, after which #utivity of the cells restartedFigure11.A). The
spiking activity during the onminute exposure experiment only stopped during the first of the three
exposures, while during the following two, detected spikesevgporadic and the activity only reduced
after the end of the treatment. This is depictedrigurel1.B in the plots in the top row in which the spike
rate does not drop to zero. This is also shown in the corneding raster plots in the bottom row ¢figure

11.B, which show that spikes were recorded during the entire duration of the experiment without any
silence period for most of the electrodes. In addition, it can beeddhat the spike rate of the neurons
exposed for one minute, after the end of the treatment, returned to higher values than the average firing
rate of the baseline (data before the first exposurd-igurell). The duration of the excitation remained
almost constant during the short US exposure while the length of the silence period was Hatyare (
12.A-B).Exposure of the neurons for one minute had the effect of doubling the duratitimeaxcitation,

while a silence period could be identified only for the first exposure since the activity did not stop after
the following exposure@Figurel2.A-B).

Moreover, ultrasound was able to change the spike pattern ofifvenal neurons, increasing the number
of isolated spikes during the exposure periods. The ISI was therefore analysed, showing a significant and
permanent decrease from the start of the exposure, for both the duratiémgufe12.Q. In addition, in
Figurel2.C the ISI value for the baseline recording shows both a large mean absolute deviation and length
since it inherently includes the distance between consecutive bursts. Bursts almost disappeared in the
following phases of the experiment as a demonstrated by the decrease of both mean absolute deviation
and length of interspike interval. In addition, since the spike pattern of the normal cells was characterised
by mostly isolated spikes, with few burstsethnalysis of the bursts features was not performed.
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Figurell Spike count and raster of normalts exposed to ultrasound at 5MHz. A) 15 seconds treatment: (top row) spik
(bottom row) raster plot. B) 60 seconds treatment: top and bottom row as in A). Green bar indicates the time of the tre
light blue area indicates outlines the silenperiod; patterned area indicates the period of time in which cells are silent d¢
they are being exposed to US. Data before the first exposure refer to the baseline recording. Electrode number is dost
figure electrode row, second figure ekeode column.

The analysis of the network amplitude highlighted an increase during the US exposure with respect to the
baseline value, visible FFigurel2.D-E. The amplitude then converged the average baseline value after

the exposure to US for the short exposure duration, while for the longer sonication it did not decrease

after the exposure to ultrasound. As for the epileptic cells, the increase in network activity was mainly due
to the higher number of spikes in each time window

Moreover, the amplitude of the detected spikes decreased during the exposure time to suddenly jump to

higher values when the activity of the neurons recovered. The amplitude then decreased again until the
next reatment or the end of the experimenE(gurel2.F). This is depicted alsokigurel2.G where the

first eight seconds of exposure to ultrasound of one of the recordings are shown. This figure shows both
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the decrease in amplitude of the spikes and the delayed effect of ultrasound on the excitability of the
neurons, as seen for the epileptic ones.
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Figurel2 Effects of ultrasound exposure at 5 MHz on normal cells. A) Length of the silence period among the three
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4.3.1.1 Statistical significance of 5SMHz ultrasound effects on normal cells

The variables used to describe the sptkain did not show a normal distribution, therefore a non
parametric test was used to determine the statistical significance of the changes caused by the exposure
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to ultrasound. The same conditions detailed in paragrdghlhof R KSy OS CNASRYIl yQa
Table4 summarises the results of the statistical analysis, together with the ones of thehpodbunn &

Sidak comparisons between the different phases of the experiment. No statistical asigeefiesulted for

the pairs not detailed iTable4.

Table4 Summary of Friedman's test result for normal cells exposed to 5 MHz ultrasound

15 seconds 60 seconds
> . — > g P
Variable | * Df p-val. Signif. posthoc .2 Df p-val. Signif. posthoc
comparison comparison
IS 348 6 p<.0001 FUSZPost2 p < .05 -

4.3.2 Pulsed wave at 13 MHz

Neurons exposed to ultrasound at 13 MHz showed an opposite response compared to the ones previously
descrbed. In particular, their spike rate decreased during the exposure to ultrasound for both the
exposure durations and it did not return to the baseline value after the end of the expdsgre€13). In
addition, the neurons did risilence during or after the end of the exposure. As a consequence, variations

in the firing pattern were mainly observed between the baseline and the first ultrasound exposure. The
inter-spike interval increased for both the exposure durations and sgatoes higher than the baseline
condition Figurel4.A). In additionFigurel4.A shows a high median absolute deviation, depicting the
presence of both isolated spikes and bursts in the spike train.

Thenetwork amplitude did not vary significantly among the different phases of thenoineite exposure
experiment, oscillating between values below the average of the baséligerél4.B). Exposure for three
minutes, on the other hamh, caused a decrease of the network amplitude, especially during the first
treatment, and the amplitude did not converge to the average of the basehigre14.C). In addition,

the analysis of the amplitude of the detected sgkdid not show any significant change during the
exposure to ultrasound.

4.3.2.1 Statistical significance of normal cells reaction to 13MHz ultrasound

{LA1S GNIXAY YSGNROA RAR y20G F2tt2¢ | y2NXIf RA&GN
summairsed inTable5 together with the significant results of the comparison between conditions. No
statistically significant results are not displayed able5.

Table5 Summary of Frigman's test for exposure to ultrasound at 13MHz

60 seconds 180 seconds
> - — 5 . ——
Variable v Df p-val. Signif. posthoc v Df p-val. Signif. posthoc
comparison comparison
ISI - 549 6 p<.0001 BasekFUS1 p <.0001
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4.4 Focusing effect of ultrasound

The 5 MHz device, due to the strong reaction it caused in the sonicated cells, madsilitigppdo observe

the focusing effect of ultrasound. The effect of the sonication at the different electimchgions in the

MEA wells waanalysed, considering the residual activity during the silence period following each of the
three treatments. It wa®bserved that only peripheral electrodes were still active during this period. In
Figurel5a heatmap of the electrode activity is drawn based on the total number of detected spikes in a
time frame of threesecondsduring the silece period. It refers to the activity of a representative well,
however the same phenomenon was observed for all the other wells sonicated with the 5 MHz transducer.
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A)

time
Figurel5Focusing effect of the 5 MHz transducer. A) Residual activity during the first silence period after the first 15 s ¢

B) Residual activity during the first silence period after the first 60 s expdSaleur code: black corresponds to zero activity
white corresponds to maximum activity. Each frame represents the activity calculated on a time windows of 3 s.

4.5 Ultrasound effects on spikes shape

The shape of the spikes recorded from the electrddeated in the centre of the focus point was analysed

to assess if ultrasound exposure caused any chamgéhem The shape of the spikes was extracted
starting from 1 ms previous thgositionof the peak up t8 ms after The shapes were then aligned bdse

on the position of their peak and for each electrode they were analysed before, during and after exposure
to ultrasound.For th normal and epileptic cellgthe detected spikesvere categorised in two groups
spikeswith positive polarity andspikes wih negative polarity(Figurel6 and Figurel7). Hence, it was
assumed that the spiking activity of at least two neurons was recorded by each analysed electrode
However, when exposed to ultrasound, epilegitd normal cells showed a different reaction.

In the epileptic culture, dring the period of acoustic sonicatiamgth neurons with spikes of positive and
negative polarity were excited, as showrfHigurel6.B-GD. On the other land, exposure to ultrasound of
neurons ofthe normal cell culturesilenced one of the two groups of neurons. After the exposbogh
positive and negative polarity neurons started firing ag&igrel7.B-GD).

To quantify theeffects of ultrasound on the shape of the action potentials, spikes of negative polarity were
chosen andextracted for each phase of the treatment. Their average shape was then calculated and
compared among the different phases of the experimimtboth types of neuronsHigurel6.EFG and
Figurel7.EFG) Although the calculation of the fulidth at halfmaximum (FWHM) did not show any
significant difference between thdifferent spikes shapegigurel6.EFG andFigurel7.ERG showa

clear modification of theaverage spik@rofile, especially for the normal neurons. The negative slope of
the spikes, corresponding to the depolarisation phase, startenit®.1 ms earlier and the repolarisation
phase was shifted forward of about 0.3 ms, compared to before and after the ultrasound exposure. In
addition, ultrasound increased the duration of the refractory period. After the exposure to ultrasound, the
avera@ shape of the spikes converged to the shape recorded before the sonication. Epileptic neurons
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Figurel6 Effects of ultrasound at 5 MHz on the shape of the spifepileptic cells. A) Spikes waveforms during baseline. E
waveforms are the spikes recorded during the first exposure to ultrasound; blue waveforms refer to the recovery periogk
as B) but for the second exposure and afeposure. D) Samesad) but for the third exposure and aftexposure. B~G'
Comparison among the average spike waveforms previous, during and after exposure to ultrasound.

showed a comparable behaviour, although the shape sigsificantly modified onlywting the first of the
three exposures. During the following ones, the averalgape was similar to the one of the baseline.
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4.6 Estimation of intensity and thermal index for brain sonication

The results described above confirmed the set of parameters used in this experiment were able to
modulate the activity of the sonicated neuraniherefore, in this paragraph, an estimation of the intensity

and thermal index in case of using the same protocol for direct sonication of the brain is given. The average
absorption coefficient and specific heat capacity of brain tissue were used forc#hculation (values
obtained from[33]). The thermal index for soft tissue (TIS) was computed, as described in Bigelow et al.
[34]:

; 4.1

w t"
P U

— Q
5
¢ P
Where Wis the maximum value of time averaged acoustic output powerfasthe sonication frequency,
in MHz Table6 summarises the values the estimated parameters inside the brain for the two sonication
frequencies.

Table6 Estimate of the sonication parameters inside the brain
5 MHz 13 MHz

PRF - 800 Hz| 1000 Hz
lsppAW/ CITP) 1.77 | 212 | 212
lserAmW/cr?) | 883.70| 1.95 | 2.44

TIS 0.026 | <.01 <.01
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5 Discussion

In this study, the neuromodulation capabilities of ultrasound at high frequencies were demonstrated. Two
sonication frequencies, 5MHz and 13MHz, and different combinations of parameters were tested on both
normal and epileptic cell cultures, showing a stronger reaction for the latter. Focused transducers were
used for the experiments, which modified the firing pattern of epileptic and normal cells.

5.1 Effects of 5SMHz continuous wave focused ultrasound on epdeytd normal
neurons

Normal and epileptic cells cultures were exposed to focused ultrasound at 5SMHz using a continuous wave
protocol and both similarities and differences emerged from the analysis of the results. For both types of
neurons, two exposure dations were tested and both resulted in excitation of the cells. The excitation
was followed by a silence period or a period of minimal activity. The reason for this silence period after
the end of the sonication can be explained by an essaitation of he neurons. During excitation, neurons
increase the release of neurotransmitters which creates a momentarily toxic environment, resulting in the
cessation of the activity for a brief period. In addition, when ultrasound was delivered for more than
twenty sconds, the firing rate of the neurons decreas&iy(re9 and Figurell) which could also be
explained from the fact that the neurons are not able to maintain the high level of activity for more than
a cetain period. This could be advantageous in case of epileptic cells where the spike rate could be
lowered by simply exhausting them with ultrasound exposure.

For the epileptic neurons ultrasound shortened both the interval between bursts and the duratiba of
bursts. Also the spike rate inside each burst dropped during the exposure to ultrasound. Shorter burst
duration and lower spike rate are related to the smaller number of spikes in each burst whose reason
could be found in the biophysical mechanismspensible for ultrasound neuromodulation, which will be
discussed later.

Two different patterns were observed for the network amplitude, which could find an explanation in the
different way ultrasound affected the intespike interval of the two types olitture. Thedecrease of burst
amplitude and thdower number of spikes in each burst, for the epileptic neurons, explains the decrease
in network amplitude observed for this type of cells itgr the sonication periodjgure10.G-H). On the

other hand, the lower ISI in the normal culture during the period of exposure to ultrasound can explain
the increase in network amplitude during this phase.

The spike pattern of epileptic cells is mainly composed of bursts with a few isolatkes,s@as
demonstrated by the extremely low ratio between isoldtespikes and total spikedrigure 10.F).
Ultrasound was able to modify this pattern, increasing the number of spikes outside the bursts, in
particular for the longer ®posure. On the other hand, the activity of the normal culture was mainly
composed of isolated spikes, and exposure to ultrasound did not further increase their ratio to the total
number of detected spikes.
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5.2 Influence of intensity, continuous wave andiged wave sonication on normal
cells

The effects of both continuous and pulsed wave sonication were tested on normal cells, however at two
different ultrasound frequencieand three orders of magnitude differefdpra

Continuous wave sonication excitéee neurons, causing an increase of their firing rate during the period

of exposure, while ultrasound delivered in pulsed wave inhibited the neurons, decreasing their firing rate.
The significant difference inpraand the different sonication frequenayight be responsible for the
oppositeneuromodulation effects observed during the experiment, therefore a correct comparison of the
effects of the two types of sonication protocols is not possible in this case and the response of the cells
should be evaluad either for the same intensity, or for the same sonication frequency.

In addition, two different pulse repetition frequencies were used for the pulsed wave sonication: 800Hz
and 1000Hz. The intapike interval increased for both of them and the netWwarctivity set to values
below the average baseline amplitude.

Although it is not possible to determine which is the key sonication parameter that caused the different
reaction of the cells to CW and PW ultrasound, it might be inferred that, since themswrere inhibited

for both the pulse repetition frequencies, this pararaetwas not determinanin the stimulation or
AYKAOAGAZ2Y 2F GKS ySdzaNIf | OGA@GAGe 2F GKS OStfao
were conducted on the irhition of the neurons at frequencies above 1 MHz, and no trend could be
highlighted based on those values. However, for the same sonication frequency, typically higher intensities
were used for inhibition compared tetimulation Figure2.A). It is therefore not clear why, in this
experiment, inhibition was achieved at lower intensities compared to stimulation and it might be that, at
different sonication frequencies, the importance of the biophysical mechanisms responsible for the
response of the cells to the ultrasound is also different. In additionttaar contributing factor might be

the fitting of the transducer inside the MEvell. The 13 MHz device, in fact, had almost the same diameter
as he well, therefore leaving only amall gap around it for the G@- mixture to reach the culture. This
might have increased the inhibition of the cells. It is therefore not possible to draw a conclusion based on
these results and more experiments need to be perforrteedeterminewhich isthe key parameter that
discriminates between stimulation and inhibition of the neurons.

5.3 Influence of the duration of the exposure to ultrasound

Continuous and pulsed wave sonication were delivered with two different exposure durations, which
caused the swicated neurons to behave differently. Normal and epileptic neurons were exposed to
continuous wave ultrasounfbr 15 and 60 seconds at 5 MHz. For both cells types, the changes in the spike
train pattern caused by the shortest treatment duration were nesiBle, and the features of the firing
pattern returned to values comparable to the ones of the baseline. On the other hand, exposure to
ultrasound for one minute had a different effect among the three consecutive treatments aniritig
pattern featuresdid not tend to return to the baseline value after the exposure. Also the spike rate
remained higher than before the exposure to ultrasound, meaning that a longer exposure to ultrasound
affected the excitability of the neurons for a longer period. It tzerefore be assumed that this period is
longer than five minutes, since the activity of the sonicated cells was recorded for five minutes after each
treatment and during that time the spike rate of the neurons remained higher than the baseline. The
duration of the excitation increased from the first to the last of the exposures, shortening the silence
period. In addition, normal cells did not silence after the first of the long exposures, which might suggest
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that neurons that are just being sonicated areoma excitable and have a stronger response to the
following sonications.

5.4 Focusing effect, biophysical mechanisms and general considerations

In this work, two focused transducers were used, whose focusing effect was demonstrated analysing the
level of actvity recorded by the electrodes during the silence period and showing residual activity only at
peripheral electrodes locations. However, no significant differences in activity level emerged in the period
of exposure to ultrasound. It might therefore beathalthough the6dB level of the transducer was smaller
than the area covered by the recording electrodes, the intensity outside this contour was higher enough
to activate also neurons lying outside it.

In addition, a preliminary analysis of the effeofaultrasound on the shape of the recorded spikes showed
that exposure to ultrasound significantly affectdek profile of the spikes. Theason for this effect can

be found on the possible biophysical mechanisms responsible for the neuromodulatorys effiec
ultrasound. Mechanical effects on the mechanosensitive channels and the acoustic cavitation are likely to
be accountable for the reactioof the cellsto US In fact, the change of the spikes shape observed during
the peiiod of exposure suggests thaultrasound had an effect on the activation of Nzhannels. The
earlier start of the depolarisation phase can be explained by an increased numbet afddaels driven

by the ultrasound waves. Consequently, the ionic flow of sodium from outside tceimdidhe cells
increases driven by its concentration gradigst]. This can alsbe considered responsible for the higher
amplitude of the average spikes shape recorded during the exposure to ultrasound. In addition, the
possible creation of pores due to the exyséon and contraction of nanobubbles inside the lipid bilayer of
the membrane can also be accountable for the modifan of the shapefurther increasing the flow of

Na" and K across the membrane of the neuroria.addition, he mechanism by which porese created

is an indirect mechanism which can explain the delayed reaction of the cells to ultrasound highlighted for
both normal and epileptic cellé~igure 10.3JK andFigure 12.G) Moreover, the increasd length and
amplitude of the refractory peod can explain the increased intspike interval inside eadurst observed

in the epileptic cultureDue to the longer refractory period, the time between consecutive spikes needs
to be longer to allow the demembrane potential to return to the resting state. This effect was not visible
for the normal cells because their intspike interval was two orders of magnitude longer than the
duration of the refractory period, therefore not highlighting this phenaroa.

The opposite polarity of the spikes recorded by the electrodes is due t@liveposition of the neurons
with respectto the recording electrodeHowever during exposure to ultrasound of the normal culture,
one of the two types of neurons waslesiced. Therefore, it could be hypothesised that ultrasound
stimulated inhibitory neurons which then caused an inhibitory synapse on the neighbagiisgThis
effect was howeveclearlyvisibleonly during the first of the exposures of the epileptic mens.

Spatialpeak pulseaverage intensities used in this work were below the safety limitssMalues for the
continuous wave sonication were about 200 mW/fchigher than the limits imposed for ultrasound
imaging, however other groups have used iniéas much higher than the one used in this work, and they
have reported no damage to the sonicated tissue. In addition, since the safety limits refer to ultrasound
imaging, it has already been argued that they might be too conservative for ultrasounohnedwlation.
Moreover, the culture exposed to intensities higher than the safety threshold either recovered to the
behaviour previous the treatment or kept a higher fire rate, meaning that no apparenada was caused

by the exposure and confirming theuersible effects of ultrasound neuromodulation.
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Intensity and thermal index for soft tissue (TIS) were also computed to estimate their values in case the
same sonication protocol would be used foriarvivoexperiment. Also in this case they were belowe th
safety limits.
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6 Conclusion

The effects of high frequency ultrasound on the excitabilitinafitro cell preparation of mice hippocampi

were analysed, including also cells transfected with epileptic genes. Both continuous wave and pulsed
wave protocols wee designed for two different sonication frequencies above 1 MHz. An existing MEA
recording system setup was adapted for the use with focused piezoelectric transducers by designing a
custom lid and a support system. Two opposite cell behaviours were a@asatgpending on the

ultrasound frequency. Ultrasound at 5 MHz had an excitatory effect on the neural activity of both normal

and epileptic neurons, while ultrasound at 13 MHz caused the inhibition of the healthy type. For the 5 MHz
protocol, kprAavas inline with the trend of values obtained from literature while for the 13 MHz, the value

was much lower than what reported in literatuf86]c[41]. In addition, 2 NJ 6§ KS o6Sad 2F (K
knowledge, inhibition of the neural activity at frequencies higher than 1 MHz was not investigated before.

The modification of the spike pattern features during the period of exposure to ultrasound was statistically
significantin most of the casedJltrasound varied also the shape of the action potentials, increasing the
duration of the width of the spikes and the length of the refractory perlbdias also demonstrated that
treatment durations in the order of one or more mirmg had a stronger effect on the excitability of the
cells, prolonging their excitation or inhibition for minutes after the end of the exposure.

Moreover, the focusing ability of the transducers was also analysed, showing that the effects of ultrasound
on the excitability of the neurons were weaker outside the focus of the beam. This, together with the
results showing the great impact on the excitability of the cells, highlights the tremendous potential of
high frequency focused ultrasound for the treatmenf neurological disorders. Although further
investigations on the effects of a broader range of sonication parameters and their optimisation need to
be done, the positive outcome of this experiment opens the way for the fabrication of high frequency
CMUTdevices that could be implanted under the skull and, in the future, potentially replace the current
available treatments for neurological disorders.
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7 Recommendations

Recommendations for the presented research include:

1

Investigations on the effects of med wave ultrasound at higher intensities using the same sonication
protocol, to analyse if the delivery of a higher amount of energy will increase the excitability of the
neurons instead of causing their inhibition. In addition, investigate the effettputsed wave
ultrasound at 5 MHm determine themost effectve between CW and PW protocols
Increase the waiting time following the exposure for one minute or more to determine the duration
of the excitation.
Design new sonication protocols to deterraiavhich is the shortest exposure time still able to excite
the neurons This will also allow to test the effects of PW ultrasound on normal neurons.
Improve the experimental setup. In particular:
0 Use MEA with denser recording electrodes, in order to bedtelyse the excitatory activity
of the cultured cells and the focusing ability of the transducers.
o0 Use MEA wells with bigger diameter such that the 13 MHz transducer could better fit into it.
o Improve the processing of the data using specific software giimose the code for the
analysis and creation of the figures, to speed up the analysis
Investigate the effects of ultrasound using patch clamp measurements such that the effects on a single
neuron could be investigated.
In the future, onsider performingthe experimentin vivoon a small size animal but using CMUT
devices encapsulated in a suitable biocompatible material.
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8 Introduction

Implanted bioelectronics, also called electroceuticals or implantable biomedical device (IMD), are
revolutionising the world of medicine enabling the artificial stimulation or inhibition of excitable tissue to
modulate and control the immuneesponse and the physiological functioning of orgpty. Thebest
known devices included in this category are paag&ers, cochlear implants, deep brain stimulatmagus

nerve stimulators and retinal implants. Thanks to the progress in technology and materials, thé&r size
becomingsmaller and smallereducingthe need for invasive surgeries and the associatedsegnences

[42], [43] In addition, miniaturising the implants allowsem to be placed in close proximity to the area

to be treated, reducing the length of the connecting wires or even eliminating the need for them.
example is represented liie SetPoint Medical device, which consist of a miniaturised stimulator, of the
size of a pill, that can be implanted directly on the vagus nesh®wnin Figure 18.A-B [44]. As a
consequence, also the power supfdy these devices needs tiecome smallemwhich remains onef the
biggest challenges. IMDs require on average up to few mW of pp¥sdrand batteries are the most
common method to providehis energy. Howeer, they have a limited lifetime, they are usually of large
size and contain chemicalgl6]. Alternative power sources were therefore investigated, mainly including
bio-fuel cells, piezoelectricity, thermoelectricity and electrostatics. Yet, they face multiple challenges and
often the amount of power thessources are able to provide is barely enough for an [#HD

The research for methods to wirelessly transfer power through the body has thergitneaised in the

past decade, highlighting three main alternatives: inductive coupling, radio frequency and ultrasound
power transfer, whose schematic representation is depicteigurel8.C Inductive coupling is based on

the corcept ofthe mutual inductance between two coils, an external and an implanted one. Power in the
order of tens of mW can be transmitter, but several constraints exit respect tothe alignment and
distance between the two coi[g7]. In fact, for distances bigger than few centimetres, the magnetic field
generated by the external coil rapidly loses strength before coupling with the implanted refé#{ein
addition, the dimensions of the receiving coéled toincrease proportionallyith the distance from the
transmitting coil, making this method not suitable for both power transfer and miniaturisation of deeply
implanted device$49].

Radio waves allowvg for mid and far field transmissiomJsorequire a pair of antennas, however with no
need fordirect coupling. One of the major disadntages of this method is the spreading of the waves
away from the source, with only a fraction reaching the receiver and being converted into power for the
IMD[49]. In addtion, regulations on the safe use of microwaves limits the amount of power that is allowed
to be transferred. Therefore, if on one side this method would allow power to be transfexrecbigger
distances compared to inductive couplingh a relativelysmall receiver, on the othdrandthe available
power at the receiver side would only be in the order of microwatta tew milliwatts[49], [50}

These two methods clearly work but when it comes to shrinking the dimensions of the implant and placing
the device deep insidéhe body, their efficiency in transferring power decreases dramatiddiy.
Ultrasound has therefore gained interest over inductive coupling and radio weeasise compaed to

RFt can befocussed in the body due its short wavelength in tissug].
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Figurel8 A) SetPoint Medical device implanted on the vagus nerve. B) SetPoint Metittarm composed of the stimulati
device, the inductive charger and the prescription pad. A) and B) reproduced[44JmC)Wireless power transfer methoc
Figure reproduced froifd9].

As a resultrelativelyhigh power levelgan be deliveredt large implantation depths (> 5 cm) requiring
relativelysmall receivers, in the order of millimetres onaller.

Moreover, acoustic waves are safe to use in the human body at diagnostic intefBlfjesd they can

travel in waterbased media, like the human body, with low attenuation. They are generated by ultrasound
transducers which can bpiezoelectric transducers or capacitive ultrasd transducers. The former
makes use of the piezoelectric effect, which is an intrinsic property of a material, of which the most widely
used is PZT (lead zirconate titanate), therefore they contain leaghwhinot a biocompatible material

and they are rather difficult to manufacture.

Alternatively CMUTSs (capacitive micromachined ultrasonic transdugckeased on MEMS technologyan
be used.They are composed of two conductive plates (also called elées), separated by a dielectric
and a vacuum gapF{gure19.A). Their dimensions are in the order tehs of micrometres, and are
fabricated on silicon chipas inFigure19.B. They offer several advantageompared to piezoelectric
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Figurel9 CMUT appearance. £yosssection of CMUT basic structure. B) Picture of several arrays of CMUTs mounted o

figure reproduced fronj83].
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transducers. They have a broader bandwidth, they are based on MEMS technology, therefore they can be
batch fabricated, reducing costs, allowing array fabrication as well as scal@iignd they can be made
biocompatible andtherefore havea great potential as a wireless power source for IMDs.

They have two modes of operation: transmitting and receiving. In transmitting mode, an AC voltage is
applied across the two electrodes, causing theatgrtrode to displace relatively to the bottom electrode.

This happens because an electrostatic force is generated between the two plates, which attracts or
repulses them from each other according to the applied voltage. Acoustic waves are thereforeguodu

in the surrounding medium. In receiving mode, CMUTSs can detect incoming acoustic waves. A fixed voltage
is applied between the two electrodes and the incoming pressure waves displace the top membrane
generating a displacement current. This mechanisthés used to evaluate the pressure acting on the
CMUT[53].

CMUTs are typically operated in collapse mode for better performance and to increase their operation
frequency. This is done applying a DC bias voltage across the two electrodes which is high @ moaigh t

the top membranecollapseto the bottom one. However, they do not become in direct contact because
of the dielectric layer between theniigurel9.A). In this mode of operation, the membrane assumes an
inverse bellshape and a larger area of the membrane vibrates, compared to the uncollapsed mode.

Yet the need for an external bias voltagéich is in the order of tens oblts is rot practicalfor a device

to be implanted into the body. A possible solution has been found based on the concept of an electret
microphone[54], [55] It consists of designing the device in such a way that changegermanently
trapped in the dietctric, consequently generating an electric field between the top and the bottom
electrode able to collapse the CMUT.

Charges can be trapped mainly in two different ways: in the fabrication process or by applying a DC bias
voltage higher than the collaps®ltage across the two electrodes, after its fabrication. The latter method

is more common and in the past, other researchers have used it to prove the concept of-tlagmag

in a CMUT56]¢[59]. However, in order to test the performance of their charged devices, active elements
were used to amplify or filter the oput signal.

8.1 Goal of the project

The goal of this project is tprove the concept whether or not it is possible to use CMUT devices with
charges trapped within the dielectric to receive enough power to potentially power an implantable device,
without the use of any active element. This part of the thesis therefore presents a CMUT with a modified
structure, capable of permanently tramg charges in its dielectric. Thaaracteristicof the load to be
connected in order to obtain the maximum output powaard a method to determine the efficiency of the
ultrasound power transfer are also described.

This part of the thesis is organised as follows. Chappeesents the CMUT used in this work, defines the
characteristics of the load to be connected and déxs the experimental setup. The results of the
characterisation of the CMUT and of the power transfer are presented in Chapt@nd discussed in
Chapterll. Chapterl2 contains a summary of the achievements and some recommendations.
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O Materials and mi&ods

9.1 Structure of the CMUT

The CMUT devices used in this work have round shaped membrane witmater of 8%nm and a
structure composed as followsh@& dielectric layer beneath the top electrode is a layer ot Siith a 50

nm thickness. The dieleatrilayer on top of the bottom electrode consists instead of three layers,
SiIQ/ALGL/SIG with a thickness of 50 nm, 200 nm and 50 nm respectively. The vacuum gap in between
the two dielectrics has a thickness of 500 nm. This structure is depictedure20.

d ~—__
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gap g, t,x(t)
+
R=> e H Y Si0, €50, tSiOZ
A|203 8A|203 tA|203
SIOD 85iD7 t.SiO)

.

Figure20 Composition of the CMUTSs used in this work

CMUTSs were arranged in arrays connected in parallel and operated in receiving mode. 56 CMUT devices
were connected in one row and six of them aligned adjacent to each other and connected together; this
amounts to a total of 36 CMUT devices connected in parallel which corresponds to a total occupied area
of less than 2.2 mf In addition, their collapse voltage was about 40V.

9.2 Charging the CMUT devices

In the devices used in this work, an@ilayer is used as a dielectrico® is a highk material, known to
trap a considerable amount of chargf0]. The trapped charges are considered to be permanently
confined in the dielectric, being isdkd by two layers of SO

The application of a DC bias voltage was chosen as a method to charge the devices, since they were already
fabricated. The DC bias voltage must be high enough to create a large electric field such that the charges
could travethrough the dielectric and, at the same time, lower than the limit for the dielectric breakdown.

After verifying the conditions for the dielectric breakdown, A DC bias voltage of 200 V was applied for 3
hours. The value of the resulting electric field wadculated using the two fundamental relations of
electrostatics:
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Wheres is the surface charge density on each layer of dielectric, E is the electric field generated into it
andeits permittivity. The electric field is in turn depegwt on the applied voltage V and on the thickness

of the dielectricd. Assuming that the surface charge density is the same for every layer, the electric field
in each layer of dielectric was calculated. The following results were obtained:
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Both the dielectric strengths of Si@nd AfOs are higher than the applied electric field, therefore no
dielectric breakdown was causeDue to the charge trapping ability of.8%, after the removal of the bias
voltage, the charges remained in the dielectric resulting in CMUTSs with arbbilis voltage.

9.3 CMUT model derivation

CMUTs can be modelled as a tport network in which one pb describes the mechanical domain and
the other one describes the electrical dom#§&38]. In the mechanical domain, a masgringdamper (m

k-b) system can be used toadel their physical behaviour, while in the electrical domain, they can be
described as a variable capacitor)({53], [61], [62] Figure21 shows the complete model, where P
represents the acoustic pressure acting oe thembrane and I(t) the current circulating in the device as
a result of the membrane displacement due to P. A transformer with Gtionnects the two ports of the
model, allowing to move from one energy domain to the other.

b m k I(t)
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Figure21 CMUT tweport model
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The twoport model inFigure21 can be simplified and converted in the electrical domain olfigure22
depicts the final electrical model in whidR, is the electrical equivalent of the dampeb)( L. the
equivalent of the massr() and G, of the springK). The pressure P is transformed into a voltage sousce V

=
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-1~
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Figure22 CMUT electrical model
9.3.1 Frequency response

In the electrical model oFigure22, the inductor the two capacitors and the voltage source have a
frequency dependent behdour. Therefore, to predict the device behaviour, an expression that models
its equivalent electrical impedancg(s)\wherei  "@* " the frequency domain, can be written:

| Y | p
0 0 O 8
WL v . 8§ & (9.4)
ol 1 T)—l w—v—w—U 558

The valuesof the components were not known a priori. The impedance spectrum of the devices was
therefore measured and e9.4) fitted to it to extrapolate them.

9.4 CMUT energy harvesting

In order to harvest the maximum amount power at the load, the maximum power transfer theorem
was used, which states that the load impedande, must be equal to the complex conjugate of the
equivalent impedance of the source connected to the lo@d, Operating the device at its resonance
frequency Lm and G, compensate each otheflhis can also be verified computing the two comp&wes

of eq. (9.4) which correspond to the resonance point of the series @f IR and G.. At resonance, the
equivalent circuit of the device is then composed @faRd G only. To comply with the maximum power
transfer theorem, €must be compensated using an inductance. In addition, a resistor needs also to be
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connected.Figure23 depicts the equivalent circuit of the CMUT in resonance with its series and load
impedance highlighted.

Sl
o

Figure23 Equivalent circuit at series resonance and connectedht
matching load

Forthe maximum power transfer theoremd (5, also equal tad —, where® is the admittance of
the load. Ingeneratp O '@ and® 'Y '@, which yields to the following equation:

O @ N % (9.5)

Equation(9.5) can be separated in the following two terms:

°v a8 *° v a ©9

Moreover, when the CMUT is operated at its resonance frequency, the four components of the source and
load impedances have the following values:

Y Y
A T
“ p
O v ©.7)
p
o) 1 0 %

Substituting the values listed ¥9.7), the solution to(9.6) is found. This result gives the values of the
components to be connected at the load to have the maximum output power, which are:
Y Y
p 9.9)
1 0

0

Equation (9.8) shows that thevalue of the inductor is not unique and it depends on the resonance
frequency of the CMUT, therefore it was chosen accordingly.
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9.5 Experimental setup

To test the power transfer efficiency of the CNIs, an experimental setup was built as schematised in
Figure24. The CMUTSs, mounted on a PCB, were operated in receiving mode and immersed in a water tank
facing a piezoelectric transducer (PZT), used to generate the acoustis.\Waneepiezoelectric transducer

was driven by a function generator (33250¥%gilent Technologies, US) operated in burst mode with a
pulse repetition frequency of 10Hz and ten cycles per burst, and whose output signal was amplified using
a power amplifier2100L, Electronics & Innovation Dtd.

Two PZT devices were used for this experiment (V106 & A120S, Olympus Panametrics NTD), both
unfocussed. However, due to the geometry of the transducer a natural focus exists which is located at the
Rayleigh distanci®3]. The CMUT and the PZT were therefore placed at this distance in order for the CMUT
to be in the focus point and receive the rimum pressure generated by the PZT.

The distance was determined by sending ultrasound waves in burst mode with a small number of cycles
from the PZT and being received by the CMUTSs. Their propagation time was used to define the distance
between the trarsducer and the CMUTs based on the speed of sound in water at ambient temperature.
The height and lateral position were adjusted using a mandi€ manipulator until the output signal

was maximised. The matching load was connected in parallel to the @RtUITS output was monitored

with an oscilloscope (MSO6054Kgilent TechnologiedJS).

Function

Matched generator
load
circuit |
Power
amplifier
CMUTs
PZT
transducer

Figure24 Schematic of the experimental setup
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10 Results

10.1Impedance measurement and parameters extraction

CMUT devices were charged as described in the previous chapter. Their impedance spectrum was then
measdired in air using an impedance analyser (Agilent 4294A Precision Impedance Analyser). The
impedance of an uncharged device with the same structure was also measured at different bias voltages,
whose real part is depicted Higure25. Specificallyf-igure25.A depicts the spectrum when biased from

60 to 120V, whild=igure25.B from 130 to 170V. it can be seen that the position of the resonance peaks
shifts to higher frequencies asdtapplied bias voltage is increased.

A) B)
450 - 70
= \/bias = 60 ——Vhias =130
6400 3 ——V/bias = 90 E 60 Vbias = 140
= = V/bias = 120 =, Vbias = 150
@350 2 Vbias = 160
c c 50+ ——Vbias = 170
5300/ E: '
a a
£ 250 g40
£ £
3200 b % 30
™ 150} =
& & 20}
100
50| 10+
0 0

o 1 2 3 4 5 6 7 8 9

10 0 1 2 3 4 5 6 7 8 9 10
Frequency [MHz]

Frequency [MHz]

Figure25Real part of the impedance spectrum of uncharged CMUTSs biased at different voltages. A) Bias voltage
to 120V; B) from 13V to 170V.

The impedance spectrum of the devices with charges trapped in the dielectric is depi€tigaiie26.A,
showing two main resonance peaks, as for the uncharged devices, at 5.85MHz and 2.&5pHdtively.

The data from the measurements were processed in MatLab and the parameters of the equivalent
electrical model extrapolated according to €8.4). Since two resonance peaks are present, two sets of
components valuesshown inTable7, wereextracted to fit each of the two peaks.

Table7 Extrapolated components values

fres[MHZ] | R [W] | L [MH] | G [PF] | G [PF] | Li[H]
5.85 | 27.0 | 132 | 46.7 | 465.0| 1.3
2.15 | 51.1 | 146.0 | 28.8 | 460.0| 9.1
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The simulation of the frequency response obtained from the extracted values was then compared to the
real impedance spectrumrF{gure 26.B-C). The results were then used to define the maighload.
However, only the inductor value could be determined, reportedable?7. The load resistor,Rould not

be defined because the impedance of the CMUTs was measured in air while the experiment was done in
water. Thus, to obtain the maximum output power, the optimal value for the load resistance was found
using a potentiometer.
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Figure26 A) Impedance spectrum of charged CMUT. B) Fitting of the model computed from the extracted parameters
MHz resonance frequency. B) Same as A) but for 5.85 MHz resonance frequency.

10.2 Estimation of trapped charges

The amount of charges trapped in thex@d layer, the frequency response of the charged CMUTs was
compared to the one of an uncharged device, biased at different voltagegire 27.A shows the
comparison between the impedance spectrums of the charged and uncharged CMUTs biased at 100V and
110V. Because of the similarity of thepgedance spectrum between the two types of devices, it can be
inferred that the equivalent of DC bias voltage of about 110V was stored.

10.3CMUT power transfer

Due to the fact that the CMUT used in this work has two resonance peaks, two piezoelectric tramsduce
were used, each operated at the closest CMUT resonance frequency. The 2.25MHz transducer was
operated at 2.15Mz while the 7.5MHz at 5.85MHz. The output fiegleak voltage was recorded with an
oscilloscope and the output powefFigure27.B) was calculated according to the following formula:

. W
v —LIJf N (101
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R was swept between a range of values using a potentiometer. At 5.85MHz and with a load\fth85
maximum power obtained was 8@%V, while at 2.15MHz and 16¥W0the highest value obtained was
423MN\.
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Figure27 A) Comparison of impedance spectrum to determine the equivalent-ubdias voltage. B) Output power w
respect to load resistance for the two resonance frequencies.

10.4CMUT energy harvesting to power an LED

In addition to the measurement of the output power, to show the potentials of this wireless power transfer
method, a second experiment was performed in which an LED was ligptesing the power harvested

by the CMUTSs. In this case, the CMUTs were operated at 5.85 MHz resonant frequency and the output
connected to a load composed of the matching inductoand, instead of the resistor,Ra voltage
qguadrupler circuit and a gredrED, as iRigure28.A. In addition, the CMUT devices and the PZT transducer
were moved apart, up to a distance of about 80 cm from each other and also at this distance the LED was
emitting light. Figure28.B-C shows the experimental setup with a close view of the CMUTs and the
connected load.

10.5 Incoming pressure force

In order to evaluate the power transfer efficiency of the CMUTSs, the pressure generated by the two PZTs
was measured with a hydrophone (Pigon Acoustics 0.5mm needle hydrophone), as described in
AppendixA. The pressure profile was measured at the same distance at which the CMUTs and the PZT
were placed during the power transfer experiment. A relation exists betwacoustic intensity)(and the
peakto-peak pressurer( ), which depends on the acoustic medium and it is expressed by the following
formula:

0 — (10.2)
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where Zis the acoustic impedance of the medium, in this case water. The peepsofile was measured

at 2.15MHz at a distance of 70.4mm, and the one at 5.85MHz at a distance of 176mm, which are the
respective Rayleigh distances for the two PZTs. The intensity was then calculated adooftir®) and

it is shown inFigure28. In the two images, yellow represents the highest value and blue the lowest. The
3D profile of the intensity is projected to the bottom of the pictures, on top of which the CMUTSs layout on
which the intensity is acting is drawn in red.

G

Figure28 A) Schematic of the load coected to the CMUTSs in order to light up a green LED B) Experimental setuy
LED demo; B}lose view of the CMUTSs and the PZT. In addition, the load with a green LED emitting light.
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