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SUMMARY

CMUTs (Capacitive Micromachined Ultrasonic Transducers) are causing a technological
revolution. Research over the last decade showed that CMUTs can sufficiently replace
traditional ultrasound technology based on the bulk PZT, along with other benefits such
as lower assembly cost, broader bandwidth and monolithic integration capability with
ASICs. Furthermore, devices can be fabricated from with non-toxic materials and elim-
inate the environmental impact that is associated to PZT. As a result, in recent years
we are seeing low-cost consumer level ultrasound imaging technology becoming avail-
able for point of care diagnostics devices from startup companies. However, surprisingly,
CMUT technology adoption is still lagging behind what we would expect. Thus, in this
thesis three novel CMUT applications are investigated to show-case the untapped po-
tentials of CMUTs which should lead to further traction for the CMUT field. The three
applications that were investigated in this work were, a) Power reception and data trans-
fer for implantable devices (Chapter 2, 3 and 4), b) Ultrasound nerve stimulation (Chap-
ter 5), and c) particle separation for lab-on-a-chip devices (Chapter 6).

In Chapter 1, the growing market of portable ultrasound technology is introduced
and different transducer types are compared to give the reader an overview of the MEMS
ultrasound field. In Chapter 2, a semi-analytical reduced order model of a collapse-mode
CMUT is extended with a built-in charge layer. This work shows that the charging can
induce a dipole within the charge trapping layer which is strong enough to keep the
CMUT in collapse. In Chapter 3, the power reception characteristics are studied, which
shows that in an optimally loaded condition, the CMUT can harvest 42 % of the energy
that impinges on the surface of the CMUT. This efficiency is comparable to conventional
PZT technology. In Chapter 4, a communication scheme is presented that can transfer
information from the implantable device to the external ultrasound transducer based on
backscattering. In Chapter 6, the application of CMUTs for particle separation in Lab-
on-a-chip devices is explored.

By reading this work it is my wish that the reader could understand the hugely pros-
perous future of CMUTs.

Xi






SAMENVATTING

CMUTs (Capacitive Micromachined Ultrasound Transducers) staan aan de basis van een
technologische revolutie in medische diagnostiek and monitoring. Onderzoek gedu-
rende de laatste tien jaar heeft erin geresulteerd dat de werking van CMUTSs nu zo goed
is dat ze zich kan meten met traditionele PZT gebaseerde technologie. Daarnaast heb-
ben ze nog een aantal andere voordelen zoals lagere assemblagekosten, grotere band-
breedte en de mogelijkheid tot monolithische integratie met ASICs. Bovendien bevatten
ze geen giftige materialen waardoor ze minder schadelijk zijn voor het milieu dan PZT-
transducers. Als gevolg hiervan zien we recentelijk de ontwikkeling van goedkope ultra-
sound imaging apparatuur voor point-of-care diagnostiek. Verassend genoeg verloopt
de introductie en adoptie van CMUT-technologie desondanks langzamer dan verwacht.
Daarom worden in dit proefschrift drie CMUT-applicaties uitgewerkt die het potenti-
eel van de CMUT-technologie illustreren in de hoop een brede acceptatie van CMUT
technologie te versnellen: a) draadloze vermogens- and dataoverdracht voor implan-
teerbare devices (Hoofdstukken 2,3, en 4), b) ultrasound zenuwstimulatie (Hoofdstuk
5) en deeltjesscheiding in lab-on-a-chip devices (Hoofdstuk 6) In Hoofdstuk 1 wordt de
groeiende markt voor draagbare ultrasound technologie geintroduceerd en worden de
verschillende transducer types vergeleken om een overzicht te geven van de ontwikke-
lingen op het gebied van MEMS-ultrasound. In Hoofdstuk 2 wordt een semi-analytisch
“reduced order” model van een “collapse-mode” CMUT uitgebreid met een ingebouwde
ladingslaag. Aangetoond wordt dat het mogelijk is een dipool laag te induceren die sterk
genoeg is om de CMUT in collapse te houden. In Hoofdstuk 3 worden de eigenschappen
van de CMUT voor vermogensoverdracht bestudeerd. Bij een optimale impedantie aan-
passing is een efficiéntie van 42 %aangetoond. Dit is vergelijkbaar met PZT-technologie.
In Hoofdstuk 4 wordt een communicatietechniek voor implanteerbare devices gepre-
senteerd gebaseerd op de energie die door een CMUT wordt gereflecteerd. In Hoofdstuk
5 wordt zenuwstimulatie met behulp van een CMUT-ultrasound cuff-device. In Hoofd-
stuk 6, tenslotte, wordt de toepassing van CMUTs voor deeltjesscheiding in lab-on-a-

chip devices onderzocht.

xiii






PREFACE

The first capacitive micromachined ultrasonic transducer (CMUT) was developed three
decades ago and it is fascinating to think that I am about the same age as the technology
that I am currently studying and yet there is still so much more to learn about. There
is no way to express how privileged my experience at Philips research was to work with
one of the most mature CMUT technologies in the word. But working on this technology
for the last four years I came to realize that the hype for CMUTs within Philips Research
is becoming a thing of the past, and I notice that the valley of death is silently creeping
towards us. I plan to change that with this thesis. Giving CMUTs another boost of energy
by looking for innovative applications not only in the field of ultrasound imaging but
for a broader market: Ultrasound neuromodulation, implantable technology and mi-
crofluidic devices. Each of these innovative applications have huge potential for CMUTs
because CMUTs can be miniaturized, mass produced and biocompatible. Thus after
reading this thesis, I hope you will be convinced that CMUTs are the future and that it is
possible to revitalize CMUTs!

Shinnosuke Kawasaki
Eindhoven, March 2022






INTRODUCTION

MEMS (Microelectromechanicalsystem) ultrasound is undergoing a technological revolu-
tion. Research over that last decade shows that MEMS ultrasound technology can replace
traditional ultrasound technology based on the conventional bulk PZT technology along
with benefits such as lower assembly cost, broader bandwidth and thinner devices that
can be monolithically integrated with ASICs. Furthermore, devices could be designed with
non-toxic materials and edecrease the environmental impact. As a result, in recent years
we are seeing low-cost consumer level ultrasound imaging technology becoming available
for point of care diagnostics devices from startup companies. However, to our surprise,
CMUT technology adoption is still lagging behind what we would expect. Thus, in this
thesis several novel collapse-mode CMUT applications are presented to show-case the un-
tapped potentials of a CMUT which should lead to further traction of the CMUT.



2 1. INTRODUCTION

1.1. ULTRASOUND AND ITS EMERGING APPLICATIONS

Since the first introduction of ultrasound imaging of the brain by Dr. Karl Dussik in 1942,
ultrasound has been used to visualize tissue regions within our body that are otherwise
invisible to our naked eye [1]. The hardware that enabled this breakthrough was lead
zirconate titanate (PZT), which was first discovered in the 1910s which had the unique
property of directly converting mechanical pressure to electrical current and vice versa.
The performance of these materials has been improved over the years, resulting in su-
perb electromechanical performance that make them the gold standard for ultrasound
imaging till this day. Concurrently, the avialabilty of higher computing power in the
1960s drastically improved the image quality over the following 20 to 30 years, result-
ing in different imaging modalities such as pulsed wave doppler imaging [2], tissue har-
monic imaging [3] and elastography [4].

Currently, PZT based technology is mainly targeting the high-end professional ul-
trasound market where better image qualities are essential for an accurate diagnosis.
However, in recent years there has been an emerging low-end ultrasound market which
accommodates newer customer/patient demands such as handheld ultrasound systems
connected to a smart phone, which can allow on-site visualization in resource limited
settings [5], [6], or an ultrasound patch device that can continuously monitor the status
of a specific visceral organ [7], [8]. For the handheld ultrasound market, there is a fore-
cast by Yole that this type of medical equipment will increase in numbers of shipment
by 17.4 % CAGR from 2019 to 2025 (see Fig. 1.1). While the other ultrasound imaging
equipment also shown in this figure, will grow with a rather moderate increase of less
than 7 %.

400k
S50 e IVUS (CAGR,, , : 3 %)
300k — Cart-based (CAGR, , : 4.6 %)
250k
Units ook «— Portable (CAGR,, ,; : 6.9%)

150k
100k — Handheld (CAGR,.,, : 17.4 %)
50k )

ok || || || || || _— Endoscopic (CAGR,, , : 6.5%)

2019 2020 2021 2022 2023 2024 2025
Year CAGR,, . continuous annual growth rate

Figure 1.1: Medical imaging equipment shipments 2019-2025. (Yole, Medical Wearables: Market Technology
Analysis 2019).

These newer low-end ultrasound markets call for different requirements compared

to the conventional high-end ultrasound market. For example, connectivity to the inter-
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net, portability, miniaturization, lower price, biocompatibility and manufacturing scal-
ability to name a few. Unfortunately, the current manufacturing process based on PZT
ultrasound transducer is not well equipped to tackle these emerging issues. Some lim-
itations being the inherent labor cost that is associated to the manual assembly of PZT
transducers, or the use of toxic metal (lead) which limits the in-body use [9], or the fact
that lead has a high environmental footprint [10].

Alternatively, Micromachined ultrasonic transducers (MUTs) are currently under de-
velopment. MUTs have a suspended membrane over a vacuum gap and through the vi-
bration of this membrane, ultrasound can be transmitted or received from the medium
on top of the membrane. Due to this thin membrane structure, MUTs have a broader
bandwidth compared to conventional PZT transducers. Furthermore, they have a lower
acoustic impedance which makes them preferable for use with soft body tissues that
also have a similar acoustic impedance and thus requires no need for a backing layer.
MUTs are fabricated through standard IC based fabrication processes which makes them
CMOS compatible and thus, better integration with peripheral electronics at a lower
cost.

Depending on the actuation mechanism, MUTs can be categorized either as CMUTs
(Capacitive Micromachined Ultrasound Transducers) or PMUTs (Piezoelectric Micro-
machined Ultrasound Transducers). CMUTs are actuated electrostatically with one elec-
trode embedded in the vibrating membrane and an opposing electrode beneath the vac-
uum gap. In contrast, PMUTs are actuated with a piezoelectric material deposited on
the vibrating membrane which could be PZT, aluminum nitride (AIN), scandium doped
aluminum nitride (ScAIN) or polymer based piezoelectric layers. Comparing these two
technologies, CMUT technology has sufficiently matured resulting in several consumer
products [11], while PMUTs require additional research efforts for full maturity [12].

1.1.1. COLLAPSE-MODE CMUTSs

A CMUT has a top electrode and a bottom electrode separated via a vacuum gap and a di-
electric insulation layer. To increase the transmit and receive sensitivity of these CMUTs,
it is essential to have a high electric field between the top and bottom electrode (several
MV/cm), which is accomplished by applying a bias voltage (several tens of volts to 200
V), across a several hundred nanometer gap to bring the top membrane closer to the
bottom membrane. When the two membranes are not touching, the CMUT is in non-
collapse mode operation, and when the two membrane are in contact it is in collapse-
mode operation. In Philips Research, where this thesis took place, the main focus was
on the development of collapse-mode CMUTs [13].
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Table 1.1: Comparison between PZT transducers and Collapse-mode CMUTs.

PZT transducers Collapse-mode CMUTs
DC bias +) Not required -) From several tens of volts up to 200 V
Frequency Range +) 1 kHz to 50 MHz +) Sub MHz to 50 MHz

Dielectric layer material
Diameter of the membrane
Gap height

Thickness of the membrane
Layer stress

PZT material, thickness,

Design Parameters . X .
8 backing and coating material

Electronic Integration -) Costly +) Cost effective monolithic integration with ASIC
Manufacturing +) Mechanical dicing and assembly ++) Standard IC based fabrication
Miniaturization -) Challenging <40 um element size +) Element diamter 10 um to 400 um

+) Arbitrary element shapes.
Desian -) Limited in element shape. Curve could be done to a certain

'8 More flexible for curved transducers. extent by thinning down the wafer

or by using more advanced techniques like F2R*.

Maturity ++) >50 years +) =~ 10 years

Table 1.1 summarizes the differences between a collapse-mode CMUT and a PZT
transducer. As shown in the table, a CMUT requires a DC bias voltage whereas the PZT
does not. The overall addressable frequency range is comparable between the PZT trans-
ducers and CMUTs but the individual device has a broader bandwidth for a CMUT be-
cause of its low acoustic impedance membrane structure. The exact operation frequency
of a CMUT is typically controlled by changing the geometry and the process parameter
(i.e. membrane diameter, layer stack and gap height) which provides a large design free-
dom. Meanwhile, for a PZT, the frequency range is controlled by thinning the PZT to
different thicknesses, comparably cheaper to do and simple. Yet for devices that require
higher frequency the thickness of the PZT layer becomes several tens of micron thin-
ning and assembly becomes increasingly difficult. On the other hand, for CMUTs, higher
frequency devices are easier to fabricate because the sacrificial wet etch process that is
needed to lift off the membrane becomes easier for smaller diameter membranes. The
electrical integration of a CMUT can be done by monolithically processing the CMUT
on top of the ASIC or by wirebonding the electrical pads at the edge of the die to another
substrate. In comparison, PZT transducers require a complicated assembly step, which
requires an electrical contact at each side of the PZT and by gluing it to an additional
substrate with a proper backing layer and an acoustic lens on the front. If the CMUT
is mass produced, the assembly costs begins to outweigh the initial development cost
of making a CMUT, and thus making the CMUT becomes a cost effective solution com-

pared to a PZT device for high volume production. To summarize, CMUTs have a large
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design freedom, they can be produced in large volume and at low cost, they can allow
for a high level of integration, can be easily miniaturized to work at high frequency, are

lead free and have a higher biocompatibility compared to PZT.

1.1.2. OBJECTIVE OF THIS THESIS
According to the previous section, the collapse-mode CMUT has many more attractive
qualities compared to the PZT. Nonetheless, the technology adoption of CMUTs has not
advanced as much as we would expect. The presence of PZT technology as the gold stan-
dard for ultrasound imaging may be preventing the newer technology to be adopted. The
objective of this thesis is to show several advanced applications of CMUTs going beyond
the traditional imaging domain that can only be accomplished with CMUTs. Thus, hop-
ing that this will generate momentum, revitalizing CMUTs.

The three types of CMUT used in this work is shown in Table. 1.2. The three CMUTs
can be categorized based on their operation frequency as low frequency (1-5 MHz), mid-
frequency (3-8 MHz) up to high frequency (10-50 MHz). As the frequency goes higher,

the membrane diameter becomes smaller.

Table 1.2: Three types of CMUT used for this work.

= CMUTs at
the tip

Frequency low frequency (1 to 5 MHz) mid frequency (3 to 10 MHz) high frequency (10 to 50 MHz)

Membrane 40
diameter 315 um 135 pm pm
i General Ultrasound i i
Main stream ( . High resoluflon ‘ IVUS catheter
application imaging Ultrasound imaging
- . . X zero-bias CMUT (Chapter 2)
Novel Application Acoustic particle sorting ) .
. . ) . Ultrasound energy harvester/ Ultrasound nervestimualtion
proposed in this for lab-on-a-chip devices .
Ultrasound backscatter communication (Chapter 5)
work (Chapter 6) . :
for implantable devices (Chapter 3, 4)
Unlc:]ue property of ICOLTPST TT]Q'(:‘” ] ALO,Jayer used for the Rollable format due to the
i leading to high couplin:
feac 5 CMUT exploited 9 N Ping insulation dielectric layer F2R technology platform
in this work of the utlrasound to the substrate

Each CMUT shown in Table 1.2 has a main stream application which was the reason
for them to be fabricated in the first place; general ultrasound imaging for low frequency
CMUTs, high resolution imaging for mid frequency CMUTs and intravascular ultrasound
imaging (IVUS) for high frequency CMUTs. In this work, we repurpose these technolo-
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gies for novel applications. Therefore, the performance of the devices are not fully opti-
mized for the novel application that is proposed in this work. As a result this work must
be thought of as a collection of feasibility studies. However, due to the unique modular
design aspect of CMUTs and its vast design freedom, it is possible to transfer the knowl-
edge that is gained in one type of CMUT to the other with minimal adaption.

The first novel applications of CMUTs investigated in this work (chapter 2,3 and 4)
was to use CMUTs as ultrasound energy harvesters for implantable devices. This exploits
the fact that CMUTs can be designed with arbitrary dielectric layers in between the top
and bottom electrode. In this work, Al,O3 was found to have unique charging capabili-
ties (typically unwanted for MEMS devices) that could be used to substitute the external
bias voltage that is required for CMUTs. For space limited applications of CMUT such as
implantable devices or portable ultrasound, this technology will be extremely useful.

The second novel application of CMUTs investigated in this work was to use CMUTs
for ultrasound nervestimulation. Ultrasound is recently attracting attention in the neu-
romodulation community as a technique to complement electrical stimulation or mag-
netic transcranial stimulation for its more targeted stimulation due to the short wave-
length of ultrasound (i.e. 1 mm for 1.5 MHz ultrasound). In this work, using the unique
rollable property of CMUTs developed for IVUS catheters, we investigated the possibility
of using an array of CMUTs wrapped around the nerve to create spatially specific neu-
rommodulation within the nerve.

The third novel application of CMUTs investigated in this work was to use CMUTs
for acoustic particle sorting for silicon based lab-on-a-chip devices. Acoustic particle
sorting is a biocompatiable, label-free method to sort particles for lab-on-a-chip appli-
cations. In the past, while working with CMUTs, it was found that ultrasound energy not
only couples into the medium above the CMUT, but also into the silicon substrate itself,
most likely through the large collapsed region at the center of the CMUT. From this in-
sight, we tested if CMUTs operated in air can couple more ultrasound into the silicon
substrate, thus enabling particle sorting within microfluidic channels that are also in the

same substrate.

1.2. OUTLINE OF THIS THESIS

In this thesis, in Chapter 2, the concept of pre-charged CMUT is introduced and a theo-
retical frame work is presented in order to quantify the amount and type of charge that is
embedded within the charged CMUT. In Chapter 3, energy harvesting using pre-charged
CMUT was tested and characterized. In Chapter 4, a microwatt telemetry protocol was
developed using the pre-charged CMUTs, which shows that communication is possible.
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In Chapter 5 high frequency CMUTs for ultrasound nerve stimulators were characterized
and tested in an in-vivo model. Finally, in Chapter 6, CMUTs for acoustic particle sorting

applications are investigated for integration with lab-on-a-chip devices.
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REDUCED ORDER
SEMI-ANALYTICAL MODELLING OF A
PRE-CHARGED COLLAPSE-MODE
CMUT

All models are wrong but some are useful.

George E.PBox

2.1. INTRODUCTION

In this chapter a theoretical model of the the collapse-mode CMUT with a built-in charge
layer is introduced. This will allow us to design better layer stacks for the device. There
are several levels of complexity one could use to describe the behaviour of the CMUT.
The simplest model is the mass spring damper system, which models the CMUT mem-
brane as a stiff circular piston connected to a spring and a damper. The limitation of this
model is that it is not detailed enough to explain devices with a large displacement pro-
file such as a collapse-mode CMUT. On the other extreme there is FEA (finite element

Parts of this chapter have been published in IEEE UFFC journal titled Modeling and characterization of pre-
charged collapse-mode CMUTs.
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analysis), which unfortunately requires large computation time and resources making
it difficult to iterate through different layer stacks. Furthermore, it does not provide the
insights that could be gained through an analytical model [1]. As a result we will use a
reduced order semi-analytical model which is in between the two extremes ([2], [3]) but
which has sufficient accuracy. This chapter begins by modeling the CMUT similarly to
the works of H. Kéymen et al.[4] where they have modelled built-in charge with a sur-
face charge of the opposite polarity at both sides of the charging layer and a spatially
fixed volume charge uniformly distributed within the charging layer. Then this will be
solved using the Galerkin discretization approach. Finally, by comparing the simulation
model and the measurement results the amount of charge within the charge trapping
layer will be quantified. In this work only the static displacement profile is taken into
account while the dynamic operation of the CMUT was beyond the scope of this work

but, which can be readily extended from the formulas that are derived in this work.

2.2. MODELING THE PRE-CHARGED COLLAPSE-MODE CMUT

A schematic representation of the pre-charged collapse-mode CMUT is shown in Fig.
2.1(a). In this model the CMUT is modeled as a vibrating axisymmetric clamped mem-
brane. The charged layer is embedded in between the top and bottom electrode sepa-
rated by a passivation layer. In Fig. 2.1(a), t,, is the thickness of the top membrane, p,,
is the mass density of the top membrane, fg is the height of the vacuum gap, a is the
radius of the CMUT, and w is the displacement of the membrane. Fig. 2.1(b) examines
the force acting on the top membrane which are 1) the electrostatic pressure from the
built-in charge and the external voltage, 2) contact force which is the reactive force that
occurs where the top membrane touches the bottom membrane, 3) the biaxial residual

stress and 4) the atmospheric pressure.

According to [3], the governing dynamic equation not including the trapped charge

is,

w1t 4 gV (1)?
t DViwr ) =—— 0
proin g POV D S B w(n 0P,
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Figure 2.1: (a) schematic diagram of the cross section and variables of the CMUT (b) the forces acting on the
top membrane.

The four different forces acting on the membrane are denoted with a dashed line
beneath the equation. In this equation D is the flexural rigidity of the top membrane,
V(¢) is the external voltage applied to the top membrane, o is the surface roughness,
H,j is theindentation hardness, 7 is the biaxial residual stress, erfc is the complementary
error function, and . is the distance between the top and bottom electrodes corrected
for the dielectric constants and defined as,

l‘.
teff:tg+zg_ll_ (2.3)

where Et—’l is the thickness of the dielectric layers between the top and bottom electrode
divided by its corresponding dielectric constant. For further detail, readers are referred
to [3], [5]. In this work we adapt this equation by adding the electrostatic force from the
built-in charge. This will require some modification to the term concerning the electro-
static force of Eq. 2.1.

Fig. 2.2 is a small cross section of the CMUT at an arbitrary radius r. In this figure,
the dielectric layer thickness is denoted as t with a subscript from 1 to 4. The charge

trapping layer has a dielectric constant of €.j,4,ge and is sandwiched between SiO; layers.
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The charge distribution is defined similarly to [4], where a uniform monopolar volume
charge of p,,(r) exists inside the charging layer, as well as an electret with a downward
polarization that is defined by a surface charge of the opposite polarity of ¢ (r) on both
sides of the charging layer. Furthermore, to explicitly show that the charge density can
have an axisymmetric distribution, the surface charge and the volume charge is shown
as a function of the radius r. Due to the multiple different dielectric constants used in
this layer stack, there is no simple solutions that could be directly used to calculate the
electrostatic force. However, for a slightly more simple model as shown in Fig. 2.2(b)
where there is only one dielectric layer on one side of the electrode and the other side
is a vacuum gap, G.M.Sessler [6] derived the electrostatic pressure on the top electrode
for a generalized charge distribution within the dielectric layer. Thus, by converting the
layer stack and the charge distribution in Fig. 2.2(a) to Fig. 2.2(b) the electrostatic force

on the top membrane can be derived. By comparing these two figure we see that,

Metal Top electrode Metal Top electrode

SiO, g4, t,

Gap t o+ w(r)

v@® NS0k it

- the layer stack %
l p,.(r) Charging layer SchargeI t, ; tﬂ ) P, (r) l
/ i O S|02 €gi0p 77" \
-0,(1) Si0, &g, t, -0,(r)

Metal Bottom electrode Metal Bottom electrode ’—

(a) Cross section of the CMUT (b) Equivalent layer stack

Figure 2.2: Cross section diagram of the charged CMUT device connected to a voltage source. (a) The actual
layer stack and the location of the charge (fixed volume charge and surface charge). (b) The layer stack pro-
posed in G.M.Sessler with only a vacuum gap and a dielectric layer. The charge distribution is also shown in
the figure.

tp+t ESiO
) =tg+ w) + —= , xp =ty ty (2.4)
€5i0, €charge

where ty, tz and tg + w(r) are referred to vacuum permittivity and t3, t4 are referred to the

relative permittivity of SiO. For convenience we will define t; = t3 5% _ i the following

Echarge
derivation. Since the total amount of charge is constant py, (r)t; = pp,(r)t; should be

Echarge

satisfied. Thus, the charge distribution is scaled as p},(r) = pm(r)w
i0

. The charge
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distribution after converting it to its equivalent layer stack is,

) = {Uo(r)6(x)—cro(r)6(x—t§)+p’,‘n(r), if 0<x<t o5

0 otherwise

where §(x) is a dirac delta function used to express the surface charge. Again, referring
to [[6], Eq. 14 and Eq. 34] the electrostatic pressure P,(r) acting on the top membrane
for a generalized charge distribution is,

Pe(r)=—2:;—(:‘)2(v—veff(r))2 (2.6)
here,
) Vo p(r) = 20100 @.7)
= £0€Si0, '
and
1 [
o1(r)= —f (X2 —x)p"(r,x)dx 2.8)
x2 Jo

where s(r) =Y x;(r)/e; = ters + w(r). From Eq. 2.6, the force from the internal charges
act effectively as if a DC bias voltage of V5 ¢(r) is subtracted from the external voltage V.
The only obscure value in this equation is o (r) which is the contribution of the surface
and volume charge. By inserting Eq. 2.5 to Eq. 2.8 and solving the integration,

* *

t3 t3
Ul(r)=ts(1——)-pm(r)+—-00(r) (2.9)
2.XZ2 X2

From this result, o (r) is characterized as a sum of the volume charge (1st term) and the
surface charge (2nd term). Finally, we include the electrostatic pressure with the internal

charge (Eq. 2.6) into the membrane dynamics equation (Eq. 2.1) as,

o D L D - —— (= V()
Ptplm 2t P 2 (tegp + w(r, 1) ot
H te+w(n ) T6y, 0 ( ow(r)
e v o (o R
(2.10)

Eq. 2.10 can be numerically solved by non-dimensionalizing the equation and using
the Galerkin Approach similarly to the works of [2], [3], [5] and by considering 6 or more
vibrational modes. In this derivation we omitted the derivation of the electric field be-
tween the top and bottom electrode to keep the derivation short. A detailed derivation of
the electric field can be found in the Appendix A.1. Finally this equation can be extended
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to CMUT operation in water if mutual and self acoustic loading is incorporated [7], [8].

2.2.1. CHARGE DISTRIBUTION

In this work, charges will be injected into the charging layer by applying a sufficiently
high voltage to bring the CMUT into collapse mode and by tunneling charges through
the region where the top and bottom membrane are in contact. Consequently, the in-
jected charges will be distributed with an axial symmetric distribution, which can readily
be implemented in the model. For simplicity, in this work the charge distribution will be

defined as a constant density with a radius of r¢j4rge as follows,

oo, if 0=r<=<rcparge

oo(r) = (2.11)

0 otherwise

p(r) = Pm, if 07 =Tcharge 2.12)
m - .
0 otherwise

where, rcparge is the contact radius during the charging process.

2.3. QUALITATIVE CHANGES TO THE C-V CURVE

A typical capacitance to voltage (C-V) curve of a CMUT is shown in Fig. 2.3. If we follow
the hysteresis curve, starting near 0V, the CMUT is in non-collapse mode which has a
low capacitance because there is a gap between the top and bottom membrane. As the
voltage is increased, the CMUT goes into collapse, which causes the top membrane to
touch the bottom membrane resulting in a large increase in the capacitance. The voltage
is then decreased until the top membrane snaps back from the collapse-mode resulting
in a lower capacitance. This cycle can be repeated for the negative voltage which nor-

mally results in a symmetrical C-V curve as shown in the figure.

C
Top
snipbacli/—\ / membrane

Bottom
collapse membrane
— \% non-collapse mode collapse mode
o

Figure 2.3: A typical C-V curve when there is no charge inside the dielectric layer.

When charges are trapped inside the CMUT, the Capacitance to Voltage (C-V) curve
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shifts with respect to the 0 V axis. The root cause can be seen in Eq. 2.6, where there
is a second term V,f¢(r) that is subtracted from the external voltage V. In the previous
section it was defined that charges will distribute only between 0 < r < r¢p4rge. Thus, for
Tcharge >0, Verr(r) =0 from Eq. 2.7, 2.9.

In this section we qualitatively describe in which direction the C-V curve will shift
depending on the type of charge that is distributed between 0 < r < r¢pqrge 0f the CMUT.
If Vorr(r) > 0, the internal voltage acts against the external voltage V, thus requiring a
larger voltage to bring the CMUT into collapse, which will shift the C-V curve to the right.
If Ve r(r) < 0 the internal voltage acts alongside the external voltage V shifting the C-V
curve to the left. Therefore, the sign of V, rr(r) indicates in which direction the C-V curve
will shift. In this section, the following four cases are considered, whereas the actual

charging can be considered as a combination of these four cases.

Case 1 (g =0, pg <0): Only electrons.
Case 2 (0g >0, pg =0): Only a downward polarization.
Case 3 (0 <0, pg =0): Only an upward polarization.

Case 4 (0p =0, po > 0): Only holes.

Case 4 is also included in the list, yet it is unlikely that this situation will arise given
that the dielectric stack is sandwiched between two metal conductors where no injection
of holes exist. Thus, we will examine the three other cases in more detail and study how
it will shift the C-V curve. Fig. 2.4(a) shows a schematic drawing of how the charge is
positioned in the dielectric layer for the three cases. The sign of Vs is equivalent to
finding the sign of 0, according to Eq. 2.7 and the definition of o; can be found in Eq.
2.9. Since the coefficients multiplied to the p(r) and o(r) are both positive, the sign of
Verf can easily be found for each cases as, Case 1 and Case 3: Vepr<0(.01<0) and for
Case 2: Vorr >0 (.01 >0). Thus the C-V curve will shift to the left for Case 1 and 3 and
it will shift to the right in Case 2 as shown in Fig. 2.4(b).

The magnitude of trapped charge is typically derived through measuring how much
the C-V curve is shifted. However, if different types of charges are superimposed and if
there is a spatial distribution of charges, this method does not work. For our work we
derive the amount of trapped charge by comparing the measured C-V profile with the
modelled C-V profile.
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p,<0,0,=0 p,=0, 0,>0 p,=0,0,<0
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Figure 2.4: (a) A schematic drawing of where and what polarity of charge is trapped for the three cases. (b) For
Case 1 and Case 3 the C-V curve will shift to the left and for Case 2 the C-V curve will shift to the right.

2.4. OVERVIEW OF THE FITTING PROCESS

The aim of the fitting process is to derive relevant parameters (i.e. 0o, pn and reparge
) by comparing the semi-analytic reduced order model (ROM) to the measurement re-
sults. However, to avoid over fitting the model with all of the measurement results, we
tuned the ROM in a sequential manner by giving limited information to the ROM and by

checking the model against the measurement results.

The steps that were taken to fit the simulation model and the measurement results
are summarized in Fig. 2.5. First, the ROM is implemented in MATLAB with the mem-
brane dynamics Eq. 2.10, layer stack, geometry of the membrane and gap height. Sec-
ond, using the membrane profile measured at 0V, the uniform biaxial residual stress T
is tuned so that the membrane profile matches the measurement result. This serves as
the baseline model of the CMUT with no charging. Then, the pull-in voltage and the
snap-out voltage is predicted with the ROM and compared to the fast C-V curve mea-
surements. Furthermore, the collapse diameter is also compared between the ROM and
the measurement results for bias voltages up to 130 V. Afterwards, the CMUT is charged
at two conditions, one with +170V and the other with -170V, each for 5 min. The col-
lapse radius at +170V is used as the input for r¢p4,¢e (see Eq. 2.5). Finally, the surface

charge (o) or the volume charge (p;,) is tuned to match the C-V curve.
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ROM ROM Charged
——3—>|with tuned t 3> »| ROM tuned
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Figure 2.5: Simulation flow diagram

2.5. RESULT AND DISCUSSION
Four CMUT variants (P67, P68, P103 and P177) were tested in this work. Table 2.1 sum-

marizes these different variants.

Table 2.1: Simulation parameters.

| P67 P68 P103 P177 Unit | Description
t 0 30 50 75 nm Insulation thickness see Fig. 2.2
to 50 30 50 75 nm Insulation thicknesssee Fig. 2.2
t3 200 240 200 250 nm Charge layer thickness see Fig. 2.2
ty 50 10 50 50 nm Insulation layer thickness see Fig. 2.2
teff 546 544 558 474 nm Total effective thickness Eq. 2.3
tm 2500 2500 3000 3100 nm Total thickness of the top membrane
tg 500 500 500 400 nm Gap height
D 241077 241077 4.1-1077 451077 | Pam® | Flexural rigidity
Pip 3290 3290 3290 3290 kg/m® | Combined mass density of the top plate
a 67.5 Hm Plate Radius
£ 8.85-10712 F/m Vacuum Permittivity
£5i0, 4.3 - Relative Permittivity of SiO»
Echarge 8.8 - Relative Permittivity of Al,O3
Patmos 1.01325-10° Pa Atmospheric pressure
Hap,n=a,b | 2:10° Pa Indentation hardness
o 4 nm Combined surface roughness standard deviation
modes 6 - The number of vibrational modes used

2.5.1. TUNING THE REDUCED ORDER MODEL

The exact value of the uniform biaxial residual stress parameter for a given layer stack
depends on the fabrication process and is not known. In other works it has been shown
that this value could be in the order of several hundreds of MPa [9]. In this work, the
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membrane profile at 0V was compared between the measurement and the simulation
for each variant to tune 7. Fig. 2.6, shows the result of tuning along with the required
uniform biaxial residual stress parameter 7. The results showed that the values were
typically a negative stress of several hundred of MPa(i.e. P67:—650 MPa, P68:—550 MPa,
P103:-650 MPa, P177:-200 MPa). Some values are quite large but this is due to the fact
that the tuning process is also tuning the non-idealities in the model. To give an example,
the actual CMUT device may not have a perfectly clamped rim. Given this circumstance

the values shown here are within reasonable range [9].

Fig. 2.7 shows several measurements from the DHM (Digital Holographic Micro-
scope) and the simulated membrane profile between 0V to 130 V. Only a few profiles are
shown in this figure for clarity. The simulations and the measurements are in good agree-
ment and show that the model accurately predicts the deflection profile. P103 seemed
to have a gap height that was 30nm or so less than the expected 500 nm gap height.
This could be due to some imperfect fabrication process or a calibration error during
the measurement. The displacement at the center (r = 0) is plotted against the voltage
for each variant in Fig. 2.8. The pull-in voltage is accurately predicted by the ROM. The
collapse diameter was defined as the diameter in which the membrane profile was 10 nm
higher than the lowest deflection point along the collapse region. The collapse diameter
is compared with the membrane profile in Fig. 2.9, which also compares well with the

simulation and the measurement.

Fig. 2.11 shows the measured fast C-V curves for all variants, when the CMUT was
not charged (blue solid line), charged at +170 V for 5 min (pink solid line), and charged at
-170 V for 5 min (black solid line). For the CMUTs that are not charged the general shape
of the C-V curve follows what was shown in Fig. 2.3, where the C-V curve is symmetrical
around the center and has a different pull-in voltage and a snap-out voltage leading to a
hysteresis behaviour. However, for P68, P103 and P177 there is an abrupt change in the
capacitance that we see at 0V, and it is not clear to why this happens. From Section 2.3
we qualitatively showed that depending on the type of charge, the C-V curve can shift
either to the left or to the right. However, it is only when there is downwards polarization
which results in the C-V curve to shift to the right assuming that no injection of holes
can occur in the Al,O3 layer. Thus, our work clearly indicates that there is polarization
behaviour of the Al,O3 layer. Ferroelectric-like behaviour such as this was reported by
Peng et. al. [10] and they have associated the effect to oxygen vacancies that move due
to the external electric field. Another interesting observation that can be made from this
C-V curve is that the amount of C-V curve shifting to the left or to the right is nearly the
same for all CMUTs. This shows that the polarization behaviour of the Al,O3 layer is
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dominant compared to the fixed volume electron charges which tends to pull the C-V
curve to the left. Thus, in the consecutive process of fitting the C-V curve, only the po-
larization will be taken into account and the fixed volume charges will be ignored p,,
=0C/m?®. In the same figure the simulated C-V curve for all variants are shown with a
dashed line on top of the corresponding measurement result. The capacitance is sim-
ulated from the membrane profile and does not include the transient movement of the
membrane which typically is referred to as mechanical capacitance. The collapse radius
at 170 Vis simulated and is used for the charge radius in each variant (i.e. for P67 and P68
: T'eharge = 40 um and for P103 and P177 : reparge = 32 pm). This can be seen in Fig. 2.10
where the electric field is plotted as a heat map for each variation. The positive direction
of the electric field is defined to be downwards in this figure. Then the polarizing surface
charge oy is tuned either to the positive or to the negative to have the best fit with the
measured C-V curve. The required surface charge for each variant is shown in the same
figure. For P67, P68 and P103 the amount of charge was nearly +0.02 C/m? and for P177
this was significantly lower approximately + 0.005C/m?. This difference is due to the
lower electrical field that existed for P177 during the charging process due to the thicker
insulation layer between the top and bottom electrode. The amount of trapped charge
is similar to the maximum charge density that has been reported in literature [11], [12]
which is ~ 0.016 C/m?.

2.5.2. CHANGING CHARGE RADIUS

For our simulations we estimated 7¢pqrge through simulating the collapse radius at 170
V. Then we used this as the input for fitting the surface charge o which lead to an ac-
curate prediction of the membrane profile. To examine how sensitive the CV curve is for
different r¢pqrge, in Fig. 2.12 the C-V curve was simulated using the parameters for P67.
At T'eharge = 60 pm the C-V curve is simply a parallel shifted version of the original CV
curve. When r¢pqrge is smaller, the required voltage to bring the CMUT into collapse-
mode becomes lower and the snap-out voltage and the pull-in voltage becomes closer
as shown in the same figure. This is because the total amount of charge is smaller when
Tcharge is smaller and thus the repelling force that the internal charge induces is smaller

leading to a lower collapse voltage.

2.5.3. DISCHARGING OF CMUTSs
The tunneling behaviour of electrons through insulation material such as SiO; has been
extensively studied for floating gate memories [13]. The main mechanism of charge tun-

neling through SiO is referred to as Fowler Nordheim (FN) tunneling. This occurs when
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the electric field in the oxide exceeds 5 to 6 MV/cm. This also explains why P177 does not
charge as much compared to the other variant, because if we see Fig. 2.10 the electric
field on the top and bottom SiO, layer is slightly less than 5MV/cm which is insufficient
to initiate electron tunneling. Once the device is charged it is essential that the amount
of internal charge is not too high as to initiate natural discharging of the device through
FN tunneling. Fig. 2.13 and Fig. 2.14 show a color plot of the electric field for P67 and
P68 respectively, which stayed in collapsed after the initial charging process. Several val-
ues of the electric field are indicated in the figure. The most important electric field in
terms of the natural discharging process is the electric field across the SiO, layer between
the metal layer and the charging layer. For both cases the electric field through the SiO,
is sufficiently low (< 2.5 MV/cm) to prevent them from naturally discharging. In other
words, the only way that the electrical field weakens will be due to diffusion/relocation
of the charges within the charging layer.

2.6. CONCLUSION

In this work the ROM previously presented in [3] was extended with a charging layer
between the top and bottom layer. The important parameters that govern the effect
of chargingere the distribution of the charge (rcparge) and the type of charge (surface
charge o or volume charge p,;). It was found that for the CMUTs that were fabricated
for this work, the polarization of the Al,O3 layer was the dominant charging mechanism,
yet this will change depending on the material of the charging layer or even the depo-
sition conditions of the same material. Furthermore, it was also shown that the em-
bedded charge will not easily discharge because the electric field within the insulation
layer (< 2.5 MV/cm) does not exceed the FN regime ( 5- 6 MV/cm). For future work, life
time tests should be conducted to see how long the charges can be retained within the
charging layer and the discharging process should be fitted with the model that is pre-
sented in this work. Perliminary results already indicate that the life time will be nearly
3 years at body temperature [14]. In addition, this model can also be used to simulate
the dynamic behaviour of the CMUT and simulate acoustic pressure generated from the
CMUT. It would be an important future work to understand how this compares to tradi-
tional CMUTs where the bias voltage is applied externally with no trapped charge.
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ULTRASOUND POWER RECEPTION
WITH A PRE-CHARGED
COLLAPSE-MODE CMUT

Something in the concept of be opportunistic

and ones trash is ones gold type of thing

TBD

3.1. INTRODUCTION

Over the last decade, Implantable Medical Devices (IMDs) are becoming smaller, smarter,
and more energy efficient [1]. Yet, one of the significant challenges for these devices that

remains till now is the large volume of the battery. For example, cardiac pacemakers and

vagus nerve stimulators have a battery and the pulser positioned at the infraclavicular

area [2], [3]. The lead at the stimulus location is connected to the battery by a cable that

runs through the body. The complexity of the lead, cable, and battery increases the po-

tential for infection during the surgery. Therefore, significant research interest has been

devoted to the development of wireless power transfer techniques that could recharge

Parts of this chapter have been published in IEEE wireless power transfer conference 324, 289 (2021).
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the IMD from outside of the body, relaxing the requirement for the battery. Thus, en-
abling the development of smaller and leadless implants [4], [5].

Several methods have been investigated to wirelessly transfer power into the human
body which are, ultrasound, radiofrequency (RF) [6], and inductive coupling [7]. Among
them, ultrasound offers the best trade-off to power deep miniaturized IMDs due to its
low attenuation through body tissue and its short wavelength, allowing precise focusing

of energy to deep locations within the body [8].

The lead zirconate titanate (PZT) transducer is still the main candidate for receiving
ultrasound energy. However, PZT is not biocompatible and will require a hermetic en-
capsulation for long term use within the body [9]. In addition, PZT is typically bulky and
requires a specialized assembly process to integrate it with miniature IMDs such as dic-
ing or wire bonding. This leads to an increase in the device’s overall size, and limits the

production volume o§f such devices.

Another alternative technology to receive ultrasound energy are micro-electro-mechanical
systems (MEMS) based ultrasound transducers such as the broadband piezoelectric ul-
trasonic energy harvester (PUEH) [10]. PUEH uses microfabricated PZT diaphragm ar-
rays to receive ultrasound power. Thus, they can be integrated more easily with ASICs
compared to bulk PZT. B. Herrera et al. presented an AIN based piezo micromachined
ultrasonic transducer (PMUT) replacing PZT material for a more biocompatible alterna-
tive. However, the reported efficiency was less than one percent [11]. Therefore, further
investigation needs be done to establish a biocompatible, highly efficient ultrasound
transducer technology that can be monolithically integrated with an ASIC for the next
generation of miniature IMDs. The pre-charged CMUTs fabricated in this work is bio-
compatible because they are passivated with a several micron thick SizNy4 layer. Fur-
thermore, the fabrication of these devices is done with standard IC-based fabrication

process, which allows them to be monolithically integrated with an ASIC.

In this work, we propose a pre-charged collapse-mode CMUT. Fig. 3.1(a) is the schematic
cross section of a CMUT in its unbiased state. A collapse-mode CMUT operates by ap-
plying a sufficient amount of bias voltage = 100V to bring the CMUT membrane into
contact with the bottom substrate (see Fig. 3.1(b)). At this state by applying an AC volt-
age the suspended donut region vibrates to generate an acoustic wave into the medium
above the CMUT.

However, the use of a high external bias voltage is not ideal for the operation of
CMUTs within the body. In Fig. 3.1(c) the external bias voltage is substituted with an in-
ternal charge storage layer embedded at the dielectric immediately above of the bottom
electrode. The amount of trapped charge is sufficient to keep the CMUT permanently in
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mode CMUT and (c) pre-charged collapse mode CMUT

collapse-mode [12].

An additional feature of these pre-charged CMUTs is their broadband performance
which is not possible with bulk PZT transducers. The broadband performance is bene-
ficial for an IMD for several reasons. First, depending on the depth of the implantation,
the operation frequency can be adjusted; for a deeper implant a lower frequency can be
used, and for a miniature implant that requires accurate focusing, a higher frequency
can be used. Secondly, by shifting the frequency, destructive interference at the CMUT
can be avoided [10]. Finally, a communication link that exploits the broadband property
of the pre-charged CMUT will allow communication strategies analogous to RF commu-
nication to be developed in the future.

In this work, first the CMUT was characterized through impedance measurements
(Sec. 3.2) and impulse response measurements (Sec. 3.3). Subsequently, the efficiency
was measured at low acoustic pressure for frequencies of 2.15 MHz and 5.85 MHz (Sec.
3.4) and for high acoustic pressure up to 0.6 MPa peak to peak at 2 MHz (Sec. 3.5). The
efficiency was as high as 47 % showing that this pre-charged CMUT can be a suitable
candidate for miniature IMDs in the future.
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3.2. CHARACTERIZATION OF THE CMUT

The layer stack of the CMUT device is shown in Fig. 3.2. The pre-charged CMUT includes
a 200 nm thick Al, O3 for the charge storage layer between the top and bottom electrode.
In this work Al,O3 layer was used as the charge storage layer for its known charging ca-

pabilities, however it is possible to use other charging dielectrics such as Si3Nj.

SiN 2120 nm
SiO, 100 nm
Top electrode —» | AINd/WTi 240 nm

Cavity —» Vacuum 500 nm

Charge trapping layer SiO, 50 nm
AlL,O, 200 nm
r

Insulation laye SiO, 50 nm
2

Bottom electrode —» AINd/WTi 240 nm
Si0, 2000 nm

Si substrate

Figure 3.2: Layer stack of the pre-charged collapse mode CMUT

Fig. 3.3 is the optical microscope view of the CMUT, showing part of the 56 rows and
128 columns of CMUTs that were fabricated. The device was mounted on a PCB where
every 6 columns were connected in parallel to a single SMB connector. Therefore, one
SMB connector was connected to a surface area of 6.3 mm? (0.84 mm x 7.56 mm).

Portion of the pre-charged cMUT array
that was used for the experiment

0.84 mm

Figure 3.3: Optical Microscope picture of the CMUT

Fig. 3.4 shows the impedance spectrum of 6 elements of these CMUTs measured in
air. The impedance spectrum was measured for different bias voltage using an impedance
analyzer (Agilent 4294A Precision impedance analyzer) at 10 V steps from 0 V to 170
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Figure 3.4: Impedance Spectrum of the CMUT in air for different bias voltage.

V. Calibration was done to the point of the SMB connection on the PCB using a short,
open and 50 ohm load provided with the calibration kit from the manufacturer. Each
impedance spectrum was taken within 10 seconds to avoid excess charging of the CMUT.
At Vpiqs = 0V the impedance of the CMUT shows a purely capacitive behaviour with a
constant slope and a -90 degrees phase shift. As the voltage is increased a peak begins
to appear below 1 MHz. Then when the bias is at 50V, two peaks appear in the phase
spectrum, along with a large capacitance increase. After collapse, the resonance shifts to
2MHz and 5 MHz.

Fig. 3.5 shows the resonance frequencies extracted from the previous figure plotted
as a function of the bias voltage. Prior to the collapse, the resonance frequency is de-
creasing. This is a common behaviour that is observed for non-collapse mode CMUTs.
In a first order model, the resonance frequency (f;s) of the CMUT is determined by the

mass and stiffness of the membrane (k) as fr¢s = Zi \/ % When the membrane is pulled

/1
closer to the bottom membrane the electric field becomes stronger which can be seen
as a decrease in the stiffness of the membrane (spring softening effect [13]) resulting in
a lower resonance frequency. Beyond the collapse voltage, two resonance frequencies
appear where the 1st order resonance is at 2 MHz and the other at 5 MHz. As the bias
voltage is increased, the resonance frequency also increases. Mainly due to the decrease
in mass caused by the smaller vibrating donut region. At around 120V, the 1st order res-
onance begins to saturate. This may be the effect of the charging of the CMUT which
occurs at around 125V.

Charging of the CMUT is done by applying an electric field across the dielectric stack
strong enough to tunnel electrons through the SiO; layer into the Al O3 layer. Our inves-
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Figure 3.5: Resonance frequency against the bias voltage

tigation begins by determining the appropriate bias voltage and bias duration to charge
the CMUTs. Beginning from a pristine CMUT, the bias voltage was increased starting
from 50 Vin 25 V increments. For each bias voltage, the bias was applied for a total of 10
min. Intermittently, the CMUT was removed from the bias voltage and the impedance
spectrum was measured to see if a resonance frequency appeared without bias. Prior
to each impedance measurement the two terminals of the CMUT were shorted to re-
move any stray charges on the top or bottom electrode. Table 3.1 shows the resonance
frequency measured with the impedance analyzer. When two resonance frequencies ap-
peared, only the lower resonance frequency is listed in this table. The results for charg-
ing voltages of 50V to 100V are not shown in this table because there were no charges
trapped and the CMUT remained purely capacitive, thus without any resonance fre-
quency. After each bias voltage was applied, in order to pull the CMUT out of collapse-
mode a high AC voltage (60V) was applied to bring the CMUT to a non-collapsed state.
Since this process does not completely discharge the CMUT, the CMUT still remained in
resonance even at 0V in the following charging step (i.e. charge voltage 175V and 200V).
However, since the voltage steps are taken large enough, it is assumed that the previous
charging is insignificant when the next bias voltage is applied.

From Table 3.1, it can be seen that charge trapping begins at a voltage and charge
time of 125V and 300 s respectively which resulted in a resonance frequency of 647 kHz
in the non-collapsed state. Then the voltage and the charge duration was incrementally
increased in 25 V steps. In Table 3.1, it can be seen that at 150 Vand 30 s the CMUT in per-
manent collapse-mode which is shown by the large increase in the resonance frequency
beyond 1 MHz. As the charge voltage and the charge duration is increased the resonance
frequency also increases. In table 3.1 the second column from the right shows the elec-
tric field strength. This electric field is calculated within the SiO, layer. Many works done
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in the past for floating gate MOSFETs have shown that in order to tunnel charges through
SiO, the electric field must be in the Fowler-Nordheim tunneling regime, which is typi-
cally beyond 5 MV/cm. Therefore, the electric field used in this work is strong enough to
tunnel charges through the oxide layer.

Table 3.1: Resonance frequency shown as a function of charge time and charge voltage. The shadowed region

in red shows when the CMUT was kept in collapse mode after charging the device. The electric field is calcu-
lated by dividing the charge voltage by the effective SiO layer thickness of 200 nm.

Charge Time [second]
0 o1 ] 1 |5 ]3] 60 | 300] 600
Voltage [V]| E [MV/cm] Resonance Frequency [MHz]
125 6.25 0 0 0 0 0 0 0.6470.647
150 7.5 0 0.647(0.62210.573| 1.29 | 1.29 | 1.39| 1.39
175 8.75 0.622|1.394( 1.64 182194 | 1.94 | 2.07 | 2.07
200 10 0.647|2.04 |2.24 231( 236 | 234 | 241 | 239

3.3. BANDWIDTH OF THE CMUT

Until now, the CMUT has been characterized in air. However, when the CMUTs are oper-
ated in water, the large damping caused by water broadens the resonance peak decreas-
ing the quality factor. Two methods can be used to measure this bandwidth. The first
option is to measure the impedance spectrum of the CMUTs in water. Unfortunately the
measured spectrum was too sensitive to parasitic elements (i.e. track inductance) and
therefore did not work. As an alternative, the bandwidth of the CMUT was measured
acoustically. Fig. 3.6 shows the setup used for the hydrophone measurements. An opti-
cal hydrophone (Precision Acoustics) was positioned 2.6 mm in front of the CMUT which
is within near field region for the transducer. Then an impulse signal was applied and the
acoustic pressure was measured. The impulse signal used for this work was a 25 ns pulse
with an amplitude of 25V as shown in Fig. 3.7. This corresponds to half a wavelength of
20 MHz which is much higher than the frequency of interest, which is important for an
impulse response measurement.

Fig. 3.8 summarizes the results from the impulse response measurements. In the
first column, the transient waveform of the impulse response is shown and in the sec-
ond column the corresponding bandwidth is shown. The bandwidth was calculated by
taking the Fourier transform of the impulse response and by correcting the result for
the input signal and the sensitivity of the hydrophone. Fig. 3.8 (A-a) to (A-e) shows
the transient impulse response measured for the uncharged CMUT. A positive impulse

signal was applied for each measurements and only the bias voltage was incrementally
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Figure 3.6: Setup to measure acoustic pressure for the CMUT.
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Figure 3.7: Positive and Negative impulse signal

increased from 60V to 100V in 10V steps. Looking at the waveform of the transient sig-
nal, a negative peak appears first which is followed by a positive peak. This is because
the CMUT was first brought into collapse by the bias voltage and was further pulled into
collapse by the additional impulse signal which in turn generates a negative pressure.
This method of driving the CMUT is often referred to as an additive pulse, because the
external bias voltage and the additional AC voltage have the same polarity. We also see
that the peak amplitude increases when the bias voltage increases. This is due to the
stronger electric field between the top and bottom electrode.

In comparison, Fig. 3.8(A-f) and (A-g) show the transient response for the pre-charge

CMUT when a negative and a positive impulse signal was applied respectively. The
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amount of charging within the CMUT was measured prior to the experiment to be nearly
equivalent to 80V using an impedance analysis. Interestingly, the transient pressure is
additive for the negative impulse (Fig. 3.8(a)), while for the positive impulse it is subtrac-
tive (Fig. 3.8(b)). The mechanism behind this was modeled in Chapter 2. But to briefly
explain, the charge layer should be thought as a dipole. The dipole direction is con-
trolled by the initial charging process and acts against the charging voltage. In this work
the charging voltage was applied in the same direction as the bias voltage. Therefore,
once the charging voltage is removed, the dipole is strong enough to bring the CMUT
into collapse but effectively acting as a negative external voltage. As a result, the neg-
ative impulse signal is now working additively to the internal charge while the positive
impulse signal is acting subtractively. The -6dB bandwidth and the center frequency for
each CMUTs are summarized in Table 3.2. In this table, f; and f, are the left side and the
right side of the bandwidth, which is where the dashed line and the spectrum crosses
over in Fig 3.8(B). The center frequency (f;) is the average of the two frequencies. The
bandwidth is calculated from (f, — f;)/f.. From Table 3.2, it can be seen that the center
frequency increases as the bias voltage increases. Furthermore, the bandwidth is consis-
tently beyond 100 %, which demonstrates the broadband property of CMUTs.

Table 3.2: -6 dB Bandwidth of the CMUT.

Bias Voltage [V] fi IMHz] | f. [IMHz] | f, [MHz] | -6dB Bandwidth [%]
60 1.93 4.74 7.54 118
70 2.07 5.0 7.93 117
80 2.1 5.8 9.5 128
90 2.6 6.2 9.75 115
100 2.71 6.31 9.9 114
pre-charged CMUT (negative) 2.2 5.1 7.9 113

3.4. LOW PRESSURE ULTRASOUND POWER TRANSFER

Fig. 3.9 shows the equivalent electrical circuit model when ultrasound is being received
by the CMUT. This first order model is sufficient to explain the concept of ultrasound
power transfer used in this work.

In this model the ultrasound source is shown as a voltage source. The mechanical
branch consists of a resistor (R;;), capacitor (C,;) and an inductor (L;,) connected in se-
ries. R, corresponds to the medium impedance of water, C,,, and L,, represent the me-
chanical resonance behaviour of the CMUT. The electrical branch consists of the electri-
cal capacitance of the CMUT (C,). According to the maximum power transfer theorem,

the load must be the complex conjugate of the source impedance. The first require-
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Figure 3.8: A) Transient response and B) Bandwidth of the CMUT for different bias voltages (a) 60 V (b) 70 V (c)
80V (d) 90 Vand (e) 100V (f) pre-charged CMUT driven with a negative impulse (g) pre-charged CMUT driven
with a positive impulse.

ment is to drive the ultrasound source at the resonance frequency of the CMUT where
1 . . . aps

fres = ETN oot In this condition L,, and C,, cancel eachother out simplifying the me-

chanical branch to R;;,. Then, by choosing an appropriate matching inductor (L, 4¢c1)

1

—_— 3.1
(27Tfres)2Cm G-D

Limatch =

the electrical capacitance C, can be compensated. Therefore, the parallel connection
of Ly,a:ch and C, effectively becomes an open circuit. As a result the equivalent circuit
reduces to a voltage source with a source impedance of R, and a load impedance of

Rjpaq- Finally, by choosing, R;y,q = R, maximum power transfer is achieved.
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Figure 3.9: Equivalent circuit model during ultrasound power transfer using a CMUT.

In an actual use case, the electrical load is not matched to the ultrasound source.
For example, the electrical load may consist of full bridge rectifiers which will introduce
non-linear elements that will degrade the efficiency of the power transfer. Under these
circumstances, an impedance matching scheme should be used to match the source
impedance to the load impedance as much as possible. In this work we restrict ourselves
to the ideal scenario in which the electrical impedance can be adjusted to maximize the
power transfer.

Figure 3.10 shows the experimental setup to characterize the maximum power trans-
fer. On the left is the PZT ultrasound transducer where two frequencies were tested (i.e.
2.15 MHz and 5.85 MHz). On the right side is the pre-charged CMUT at 70.4 mm dis-
tance for 2.15 MHz and 176 mm for 5.85 MHz. The PZT and the CMUT were carefully
aligned using micromanipulators so that the natural focus of the PZT was at the surface
of the CMUT. A burst signal was applied to the PZT transducer with an amplitude of 40
V and 10 cycles at a pulse repetition frequency of 10 kHz. The electrical capacitance (Cp)
of the pre-charged CMUT was extracted from the impedance spectrum, which was 465
pE Based on this Eq. 3.1, the L4}, required to tune out Ce at 2.15 MHz and 5.85 MHz
was 9.1 uH and 1.3 puH, respectively.

Finally, R, must be equal to R;,,4 for maximum power transfer. This was found by
sweeping Rj,qq Using a potentiometer and by looking for the maximum power point.

The power consumed at R;,,q was calculated from:
2
Vop
8Rioad

Pioaa = (3.2)

where, V,, is the peak to peak voltage seen at the pre-charged CMUT. Fig. 3.11 shows
the result of sweeping R;,,4. From this figure it can be seen that the maximum power
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harvested at the pre-charged CMUT was 420 uW for 2.15 MHz and 780 pW for 5.85 MHz.
The values used for Rjyqq and L, 4¢c, are summarized in Table 3.3. The power transfer
efficiency was calculated by measuring the incoming power on the pre-charged CMUT
by replacing the pre-charged CMUT with a hydrophone and by scanning the pressure
profile over the pre-charged CMUT area. The measured intensity profile was integrated
over the entire surface area of the pre-charged CMUT to obtain the incoming power.
From this measurement, the incoming power was determined to be 975 uW and 1650 pW
for 2.15 MHz and 5.85 MHz, respectively. The acoustic to electrical conversion efficiency
was 43 % and 47 % for 2.15 MHz and 5.85 MHz respectively.
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Water surface
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Trapped charge
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.- Load Circuit
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L &
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Figure 3.10: Ultrasound power transfer setup
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Figure 3.11: Maximum power point measurement with variable R;, 4
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3.5. HIGH PRESSURE ULTRASOUND POWER TRANSFER

In this section, the ultrasound pressure was increased to see how this affects the overall
efficiency of the device. The experimental setup is shown in Fig. 3.12(a) and a schematic
of the setup is shown in Fig. 3.12(b). In this experiment, ultrasound was generated by
a transmitter (TX) CMUT (5 mm x 12 mm) which operates in collapse-mode with a bias
voltage with an acoustic frequency of 2 MHz generating up to a peak to peak pressure
of up to 0.6 MPa, immediately in front of the receiver (RX) pre-charged CMUT. The RX
had a surface area of 7.56 mm x 0.95 mm and the distance between the TX and RX was
6 cm which was chosen so that the ultrasound will hit the pre-charged CMUT array with
a plane wave. This guaranteed that all of the devices would operated in-phase with the
same voltage. To avoid standing wave formation between the TX and the RX, the ultra-
sound was sent in 10 cycle at 1 kHz burst rate. The output of RX was connected to an
adjustable impedance matching block directly connected on the same PCB as shown
in Fig. 3.12(a). This block is composed of several inductors and resistors which can be
manually reconnected with mechanical switches. The alignment of RX with respect to
TX was adjusted by positioning RX so that the maximum output voltage was achieved in

an open circuit condition.

Adjustable
Impedance
matching

block TXCMUT RX CMUT To ocilloscope

(12 mm x o (7.56 mm x (input 1 MQ)

5mm) & 095mm) /T

= H

v '

= '

= H

— ) > aly :

g I 5 :

N '

< :

up to 0.6 MPa E """ """"
peak to peak Adjustable
<«—> Impedance

matching

distance =6.cm

RX CMUT

(b) block

Figure 3.12: High acoustic output pressure power transfer

The adjustable impedance block was tuned similarly to Section 3.4. First the output
voltage was measured at RX in open circuit condition for three incident pressure val-
ues (see Fig. 3.13(a) the line with circle markers). Next the inductive load was tuned to
maximize the output voltage in order to compensate the electrical capacitance of the
CMUT (see Fig. 3.13(a) the line with triangle markers). The inductance value at matched

condition was 10 uH which is in well agreement with the analytically calculated value of
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Lyatcn =9.89uH, according to Eq. 3.1 (.- C, = 640 pF, fres =2 MHz). Finally, the match-
ing resistor load was adjusted to R;,44 = 360 Q to achieve maximum power transfer (see
Fig. 3.13(a) the line with square markers). In this matched condition, the efficiency of
the CMUT was calculated for the three pressure values as shown in Fig. 3.13(b). From
the figure it can be seen that, the efficiency decreases as the pressure increases.

> 25 : : 5
Q L
g 20+ / 1 40
_ (]
S R_.,=360Q &
> 15} load ] — a0
é - Fmaten™ 10 pH (>)\ %0
B c
O 10t z 1 220
E / 2
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< 5 @/@/\Open@circuit 1 Wi
8 0 voltage 0
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Peak to Peak pressure [MPa] Peak to Peak pressure [MPa]
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Figure 3.13: (a)The output voltage measured at the receiver for varying loading conditions and (b)the efficiency
measured for matched load condition (R;,,4 = 360Q and L,,,,4¢c;, = 10puH). Both figures are plotted with re-
spect to the incident peak to peak pressure.

Table 3.3: Summary of ultrasound power transfer measurement

fus Distance  Area Ce  Rioad Lmatch Pressure Harvested Incoming Efficienc
[MHz] [mm] [mm?] [pF] [Q] [1H] Peak to Peak power power y
2.15 70.4 6.3 465 1640 9.1 0.1 kPa 420 pyW 975 uW 43 %
5.85 176 6.3 465 130 1.3 0.14 kPa 780 pW 1650 pW 47 %
2 60 7.2 620 360 10 0.17 MPa 9 mwW 20 mW 46 %
2 60 7.2 620 360 10 0.39 MPa 27 mW 97 mW 27 %
2 60 7.2 620 360 10 0.61 MPa 47 mW 237 mW 20 %

3.6. DISCUSSION

Table 3.3 summarizes all of the measurement results in this work. For lower acoustic
pressure (= 0.17 MPa), the efficiency of the pre-charged CMUT was found to be 46 %.
Therefore, there is a conversion loss of 54 % from the acoustical domain to the electrical
domain. We speculate that this loss is mainly due to the limited active surface area of the
collapse-mode CMUT. To further explain, Fig. 3.14 shows the layout of the pre-charged
CMUT used in this work seen from above. From this figure, the surface area can be di-
vided into 3 parts. The first part is the rigid collapsed region of the CMUT at the center
of the membrane which accounts for about 2% to 25 % depending how deep the CMUT
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Diameter = 135 pm

Pitch = 120 pm I

Suspended portion of the CMUT membrane 61 —84 %

Collapsed portion of the CMUT membrane 2.1 —25%

Filling area in between the CMUTs 14 %

Collapse diameter = 21 to 73 um
(depends on the amount of trapped charge)

Figure 3.14: Surface area of the CMUT and its ratio of the suspended portion, collapse portion and the filling
area of the CMUT

isin collapse. The second part is the filling area in between the CMUT membrane which
is 14%. The last part is the suspended donut shaped portion of the membrane which
is about 61% to 84%. The active area of the CMUT is the suspended portion and there-
fore, when ultrasound hits the other part of the CMUT this would incur a 20% to 40 %
loss. Additional mechanisms of losses could be, i) scattering of ultrasound within the
Si substrate, ii) electrical mismatch and, iii) the non-linear behaviour of the CMUT. For
pressures beyond 0.17 MPa peak to peak the efficiency drops due to this non-linear be-
haviour of the CMUT.

Table 3.4 compares our work to the results from others. The performance of the pre-
charged CMUT is comparable to PZT transducers[14], and it outperform most of the
other ultrasound technologies. As an exception, there is the exceedingly high efficiency
(over 300 %) that was reported by [15] which is due to the small cubed PZT element form
factor that can receive ultrasound through multiple surfaces. However, the main lim-
itation of using PZT is that it is lead-based and not bio-compatible. Therefore, for safe
usage it is required to use a hermetic encapsulation that is acoustically penetrable as was
shown in [16]. Yet this will greatly reduce the acoustic to electric conversion efficiency.
Furthermore, this will also make it impossible for the PZT to operate in multiple vibra-
tional modes. In comparison, the pre-charged CMUTs perform as well as the PZT and do
not require an hermetic encapsulation because of the bio-compatible materials that are
used. In all fairness it should be noted that BaTiOs is also biocompatible and can have
an efficiency as high as 37 % which is an attractive material for IMDs. The additional
advantage of pre-charged CMUTs is the flexibility to design small or large transducer ar-
rays, and that they can be mass produced through standard IC-based fabrication tech-

niques. In the future, one could easily imagine a fully monolithic integration of CMUTs
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with ASICs which is attractive for mm-size implants. However, there remains one issue
for these mm-size implants, which is the relatively large matching inductor that needs to
be added externally. In addition, a secondary problem caused by the inductor is that the
inductor and the electrical capacitance of the CMUT effectively acts as a band pass filter
which has a smaller bandwidth than the mechanical bandwidth of the CMUT. There-
fore, removing the need for a matching inductor by designing a CMUT with a smaller

electrical capacitance should be a focus for future work.

3.7. APPLICATION EXAMPLES

With several mW of power transferred through water there are numerous things that can
be done. To demonstrate some applications using ultrasound power transfer we created
several demonstration videos. The first video' is an LED powered by using ultrasound
over a meter of distance through water. The second video” is a RSL10 Bluetooth mod-
ule (Onsemi) powered by with ultrasound power. The RSL10 module works with few mW
and has various sensors (i.e. pressure sensor, temperature sensot, supply readout) which
can communicate the information to any smart phone through a Bluetooth connection.
Finally, the last video shows an example of using ultrasound to stimulate a nerve ex-
tracted from a worm °. Here we show a potential application where completely passive

nerve stimulation is possible.

3.8. CONCLUSION

In this work we have shown that the ultrasound reception of pre-charged CMUT perfor-
mance is comparable to PZT performance and will not require an external DC bias volt-
age nor a hermetic encapsulation because of its biocompatibility, making it exception-
ally suitable for IMD applications. This work began by first characterizing the CMUTs
using impedance analysis in air to determine the baseline behavior of the CMUTs before
charges were trapped inside. Then the CMUT'’s charging behaviour was characterized
which showed that applying an electric field as high as 7 MV/cm to 10 MV/cm will tun-
nel charges into the Al,O3 layer which will initiate charge trapping. The bandwidth of
these devices was measured through an impulse response measurement showing that
they have more than 100 % bandwidth (-6 dB) which spans from 2 MHz to 8 MHz. Fi-
nally, ultrasound power transfer measurements were conducted at both low and high
pressure using two separate apparatuses. It was shown through these experiments that

LCMUT power transfer: https://www.youtube.com/watch2v=v-0rAPP2ZGE
2Ultrasound power transfer in Moore4Medical: https://youtu.be/cwphO0Kv0i0
3Ultrasound powered nerve stimulation: https://www.youtube.com/watch?v=wAVtjuyzapg
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if the incident pressures is lower than 0.17 MPa peak to peak, the acoustic to electric
conversion efficiency reaches 46%. For higher pressures, the efficiency decreases due to
the non-linear behavior of the CMUT but even at 0.6 MPa peak to peak the efficiency is
still 20 %. The ultrasound power that can be received on a surface area of 7.1 mm? can
easily go up to several mW while still keeping below the FDA limit of 720 mW/cm?. This
conversion efficiency is comparable to conventional PZT technology and substantially
out performs most of the other ultrasound technologies reported in literature (see Table
3.4).
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MICROWATT TELEMETRY WITH
PRE-CHARGED COLLAPSE-MODE
CMUTS

The simple things are also the most extraordinary things, and only the wise can see them.

Paulo Coelho, The Alchemist

4.1. INTRODUCTION
Autoimmune diseases or neuropathic disorders are conventionally treated with phar-
macological interventions. In recent years, implantable medical devices, such as neural
stimulator, have been shown to be effective for the treatment of such diseases [1]. Com-
pared to pharmacological treatments that target the entire body, neural stimulation can
be focused at the target location, enabling a selective therapy with fewer side effects [2].
Several groups have worked on mm-size implantable devices that target deep nerve in-
nervation [3]-[5]. These mm-size deeply implanted medical devices use externally pro-
vided ultrasound power to operate.

Ultrasound is safe to use in the body, and has a high penetration depth and short

wavelength, which enables a small focal point which is compatible with mm-size im-

Parts of this chapter have been published in IEEE IUS conference.
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plants. However, establishing an efficient ultrasound power transfer link is still a chal-
lenge because a small angular misalignment leads to a drastic decrease in the available
power [6]. The straight-forward approach to power a mm-size implant would be to rely
on ultrasound imaging to obtain an accurate visualization of the implant position. How-
ever, the implant receiver for ultrasound has a limited angular sensitivity, which requires
good alignment and precise beam steering. In addition, the orientation of the receiver
cannot be easily interpreted from the ultrasound image. An alternative is to use time-
reversal beamforming [7], [8]. This is a simple and computationally efficient method
that can accurately focus acoustic energy regardless of tissue scattering or tissue inho-
mogeneity. However, this method does not provide an absolute measure of the power
sent to the implant. As a result, a rapid feedback from the implant to the external trans-
mitter is required to establish a power transfer link. This feedback can be in any form, ei-
ther RF or ultrasound [9]. However, considering the significant attenuation of RF within
the body, several milliwatts of power would be required to transmit a signal that can still
be detected outside the body. As a consequence, substantial time would be required for
the energy to be harvested at the implant, creating an impractical inherent delay in the
feedback loop.

In this work, we present a circuit that uses ultrasound backscattering to feedback
information on the received power. This circuit operates in the microwatt range, and it
feed backs the voltage information on the storage capacitor of the implant within several
milliseconds. Once the focus parameter is fixed, the algorithm tracks the location of the
receiver to maintain a tight ultrasound power transfer link, in which case this proposed
circuit can be turned off for other functionalities.

4,2, MICROWATT ULTRASOUND TELEMETRY PROTOCOL

Fig. 4.1 shows how the microwatt telemetry protocol works. In this circuit, RX is con-
nected in parallel with a matching inductor, and a full bridge rectifier. The positive
terminal of the full bridge rectifier is split into three terminals where the first terminal
connects to the storage capacitance, the second terminal connects to the modulation
switch and the third terminal connects to the modulation circuit. The details on how
this modulation is applied at the circuit level will be explained in the following section.
At a high-level, the protocol works by sending a paired interrogation bursts from the ul-
trasound probe (TX) towards the ultrasound receiver (RX) with a short interval between
each signal (PRF = 1 kHz). Both signals are reflected on the surface of RX but only one
of the signals is modulated after a time delay (7) which encodes the voltage on the stor-
age capacitance (V). The other signal, which is not modulated, is used as a reference
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that samples the acoustic channel. Fig. 4.2 shows the demodulation process that is done
on the MATLAB interface of the Verasonics system. Two consecutive signals that are re-
ceived at the ultrasound probe are subtracted from each other and the pulse width is
determined. The pulse width (PW) is related to the total duration of the burst (T st)
and the time delay (7(V,)) through the following equation,

PW = Tpyrsi—1 (V) 4.1)

as a result 7(V;) can be deterimined because PW and Ty, ; are known values. The
key advantage in this protocol is that by using a differential signal, the communication
channel will be robust to common-mode interference such as low-frequency artifacts
(i.e. breathing, hand movements) and distortion caused by inhomogeneous tissue.

é % 5{}_‘ :}‘ } Modulation |___.
‘[‘ Circuit ‘

Storage Capacitaﬁce Modulat.i'on switch (short or open)

Figure 4.1: Microwatt telemetry circuit.

Unmodulated Modulated Differential Envelope
backscatter backscatter Signal
WWWW — ’\/\N\}VWM - —\WVWWW\ —— ——)
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T (V) Pulse width = Tourst= T (Vo)

Figure 4.2: Microwatt telemetry circuit detection process.

4.2.1. MICROWATT TELEMETRY CIRCUIT ANALYSIS ON LT-SPICE

The modulation circuit must accomplish two tasks. Firstly, the delay (7) has to be a func-
tion of the storage capacitance (V;), and secondly, the modulation must be applied to
every other burst. Fig. 4.3(a) shows the circuit diagram that was implemented. For the
nodes labeled from A to G in this figure, the simulation result using LT-Spice (Linear
Technology, USA) is shown in Fig. 4.3(b). In this circuit, the CMUT and the matching
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inductor is replaced with a voltage source and a 400 Q2 source impedance to emulate the
incoming ultrasound. The incoming ultrasound voltage (node A) is a 4 MHz signal with
24 cycles at a 1 kHz PRE The simulation result is magnified near the first 20 us when the
ultrasound is received at 1 ms and 2 ms. The modulation circuit begins by first using an
RC bandpass filter (82 pF and 100kQ) to detect the envelope signal (node C) of the in-
put voltage (node B). Subsequently, the envelope signal is rectified with a Schmitt trigger
(NXP Semiconductor, 74AUP2G17GW) (node D) and connected to an RC low pass fil-
ter (LPF) which delays the signal. The time constant of the LPF is defined by a 100 kQ
resistor and two variable capacitance diode in parallel (NXP Semiconductor, BB202) re-
sulting in a capacitance change from 20 pF to 60 pF. The reverse bias voltage to capaci-
tance relation for a single variable capacitance diode is shown in Fig. 4.4(a) reproduced
from the data sheet. The capacitance of the variable capacitance diode is modulated
by the storage capacitance voltage (V) that is connected via a 1 MQ resistor. After the
envelope signal is delayed, the signal is connected to another Schmitt trigger to be recti-
fied. This signal is then connected to the 1st input of the AND gate (NXP Semiconductor,
74AUP1G08GW). The output of the AND gate (node E) is connected to the gate of the
modulation switch to modulate the backscatter signal with the modulated time delay.
The modulation is applied to every other burst using a toggle flipflop (NXP Semiconduc-
tor, 74AUP1G08GW) that is connected to the 2nd input of the AND gate (node F). As a
result, the drain of the modulation switch is shorted to ground after a delay 7(V¢) for

every other ultrasound burst (node G).
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Figure 4.3: (a) Reference signal the signal is not modulated. (b) Modulated signal the MOSFET is turned on and
the output voltage is shunted with a time delay 7 [us] which is a function of the storage capacitance voltage
(Ve).
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In the LT spice simulation, the source voltage amplitude was swept from 4V to 6 Vin
several steps and 7 was compared to V; as shown in Fig. 4.4(b) in circle markers. The
time delay decreases as the storage capacitance voltage increases. The dotted line shows
0.6-100 kQ-2Cgp2o2 (V) which is the time constant of the LPF multiplied with 0.6 which
is a correction factor required to match the simulation result and the analytical result. In
this circuit, all of the logic components are powered through the voltage on the storage
capacitor and the complete circuit has a total current consumption of around 0.5 pA at

1V operating voltage, thus only requiring microwatts of power consumption.
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Figure 4.4: (a) The capacitance of the variable capacitance diode with respect to the reverse bias voltage. (b)
The time delay 7 as a function of the storage capacitance voltage.

4.3. ULTRASOUND BACKSCATTERING SETUP

Fig 4.5 (a,b) shows the experimental setup used to verify the microwatt telemetry pro-
tocol. A semicircular shaped gel phantom (Rayher Hobby GmbH) with a 100 mm ra-
dius was positioned between the ultrasound transmitter (Philips, L7-4 linear probe) and
the capacitive micromachined ultrasonic transducer (CMUT) receiver (RX). The TX was
mounted on alinear actuator to adjust the distance between The TX and RX. The RX was
mounted on a rotary actuator to adjust rotational alignment between the TX and RX. The
TX is 40 mm wide with 128 elements along the width and beam steering can be applied
through the Verasonics Vantage system to adjust the focus along the y-z plane. Each ele-
ment has a width of 0.28 mm and a height of 7 mm with a spacing of 25 pm between each
element. The RX consists of 6 CMUT elements in parallel with a total size of 0.84 mm x
7.4mm. The TX and RX were aligned in the x and y-axis direction using micromanipu-
lator mounted on both sides of the setup. The alignment was tuned by maximizing the

output voltage seen at the RX when TX was focused at (y, z) = (0 mm, 100 mm).
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Linear Actuator

(b)

Rotational Actuator

Figure 4.5: (a) Isometric view of the setup. (b) Top view of the setup. The ultrasound probe is mounted on a
linear actuator and the CMUT is mounted on a rotary actuator. The gel phantom is shaped in a semicircular
shape so the angle between the CMUT and the ultrasound probe could be adjusted while maintaining a con-
stant distance. For aligning the system, the micromanipulators on both the CMUT and the ultrasound probe
was used.

Fig. 4.6 shows this through an acoustic simulation result of the ultrasound field along
(a) the y-z plane and (b) the x-z plane when The TX is focused at (y, z) = (0, 100 mm) to-
wards the ultrasound receiver, which is also positioned at (y, z)=(0, 100 mm). The width
and height of RX is represented with a red line respectively in both figures showing that
the focal beam width and height are nearly identical to the width and height of the RX
(see Fig. 4.6(a)). The length of the focal depth is quite long as shown in Fig. 4.6(b) and
thus the focal depth is not as critical as the azimuth angle. Thus for this work even the
slightess misalignment in the azimuth angle in the beam steering parameters will signif-
icantly degrade the acoustic power sent to the RX. Yet this setup and the later result will
highlight the accuracy that can be achieved with the microwatt telemetry circuit. The

microwatt telemetry circuit (Fig. 4.1) built for this work is shown in Fig. 4.8.
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Figure 4.6: Ultrasound beam steered to (x,y,z) = (0 mm,0 mm, 100 mm) simulated on FOCUS. Two cross section
along the (a) y-z plane and (b) x-z plane are shown in the figure. The red line corresponding to the size of the
RX element.

The angular alignment between the TX and RX is critical in this work. For example,
in the experimental setup shown in Fig. 4.6 the gel phantom was rotated and the an-
gular acceptance of the CMUT was measured. The CMUT was optimally loaded with a
matching inductor and a resistor. Fig. 4.7shows the result of this experiment. Since the
measurement is sensitive to subtle misalignments, the measurement was performed 20
times and the average values were taken. Along with the measurement results the sim-
ulations based on FOCUS are also shown in the same figure. Both in the simulations
and the measurements, the angular acceptance of the CMUT was approximately + 10
degrees for a 50 % efficiency.

—&— Measured N = 20

Simulated

Normalized Received Power
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Figure 4.7: Angular acceptance of the CMUT.
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Figure 4.8: Assembled microwatt telemetry circuit.

4.3.1. SIMULATION ON FOCUS OF THE RECEIVED ULTRASOUND POWER

Fast Object-oriented C++ Ultrasound Simulation (FOCUS) is an ultrasound field simula-
tor and some examples of the acoustic field simulation has already been shown in Fig.
4.6 [10], [11]. This simulator works by defining the TX geometry, the acoustic medium,
the driving conditions and the grid on which the ultrasound is simulated. Since the sim-
ulation is based on the fast near field method, it can simulate a specific region of interest
where in this case would be the surface of the RX. Building on this US simulator, the
normalized received ultrasound power at the RX for different steering conditions was
simulated.

The acoustic simulation was done in the following steps. First, the ultrasound probe
was implemented with the appropriate geometry along with the acoustic gel phantom
that was discussed in Section 4.3. Then in FOCUS a grid was defined where to caluclate
the pressure. The surface of the RX was segmented into 6 rows and 56 columns resulting
in a total of N = 336 pixels which is equivalent to the number of CMUT devices used in the

RX. The pressure for each pixel is denoted as Prx (i) where i is a integer index number
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between 1 to N referencing each pixel that was simulated. The pressure is simulated
using continuous wave mode resulting in a complex value which includes both the real
part and the imaginary part.
A common approach to calculate the total received power (Irx) is to use the follow-
ing formula,
N
Ipx &< Y Prx(i)Ppy (i) 4.2)
i=1
where the power is calculated at each pixel by multiplying it with the complex conju-
gate and is summed together. Unfortunately, this leads to an inaccurate result, because
it continuously overestimated the received power mainly because the phase difference
between independent CMUTs over the entire surface area of the RX is not taken into
consideration. Thus, in this work we use an alternative approach. The acoustic pressure
was averaged over the surface of the receiver.

1 N
Paug = N ZiPRX(i) (4.3)
i=

where Py, is the average pressure impinging RX. The average value is representative of
all the CMUT devices connected in parallel in the electrical domain. Finally, the averaged
acoustic pressure was converted into the total received power by multiplying it with its
complex conjugate value as,

Irx < Payg Py, (4.4)

avg

This result is normalized and used to plot the total received power RX.

4.4, RESULT AND DISCUSSION

In this section, the operation of the microwatt telemetry circuit is discussed. Next, us-
ing the microwatt telemetry circuit, the acoustic power that is received at the implant
will be mapped for different steering conditions and compared to the simulation result.
Using this microwatt telemetry circuit, an active search algorithm was developed and

presented in this work to show that accurate tracking of the implant can be conducted.

4.4.1. TESTING THE MICROWATT TELEMETRY CIRCUIT

Fig. 4.9(a,b), shows an example of the voltage signal seen at RX when US bursts (24 cy-
cles, PRF = 1 kHz, fys = 4 MHz) were sent from TX. The modulation can be seen in Fig.
4.9(b) where the backscattering circuit is shunting the output at a certain time after the
start of the burst. Fig. 4.10(a) shows the backscattered ultrasound received at the US
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probe, for the modulated signal and the unmodulated signal. The waves are severely
distorted due to reflections and scattering in the phantom, and it is not straight forward
to decipher the modulation at this state with most of the unmodulated signal overlap-
ping the modulated signal. Nonetheless in the same figure, the differential signal and the
envelope can be clearly distinguished which determines PW. In Fig. 4.10(b), the relation
between the PW and the voltage on the storage capacitor is shown when an increasing
pressure was generated from TX. As expected in this figure there is a monotonically in-

creasing relation between the voltage on the storage capacitance and the PW.
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Figure 4.9: (a) Unmodulated and (b) modulated ultrasound voltage measured at the CMUT terminals.
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Figure 4.10: (a) Demodulation process of the signal. (b) Calibration of the voltage sensor.
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4.4.2. MAPPING OUT THE RECEIVED ULTRASOUND POWER

The power received at the RX is mapped out by steering the beam from —2 mm to 2 mm
along the y-axis and 80 mm to 150 mm in the z-axis in 55 steps in both axes. This cor-
responds to a spatial resolution of 0.07 mm and 1.27 mm along the y and z axes respec-
tively. The measurement results and the simulation results are plotted in the form of a
heat map in Fig 4.11(a,b) respectively. For the measurement results, each 2D coordinate
on the plot shows the normalized PW for each beam steered coordinate. On the other
hand for the simulation results, the normalized received power is plotted for each beam
steering condition following the method explained in Section 4.3.1. From the measured
heat map, RX can be located to be at a depth of 100 mm to 110 mm which compares well
with the actual location of 100 mm. Observing the two figures, the measurement result
has more noise compared to the simulation result. Furthermore, the simulated result is
more smooth compared to the measurement result. This is due to the limited dynamic
range of the backscattering circuit. This can also be seen in Fig. 4.11(c) and Fig. 4.11(d)
that show the heat map evaluated at z = 100 mm and y = 0 mm, respectively. In both
of these figures, the measurement result follows the simulation profile, as long as the
normalized received power is above 0.4. If the normalized received power is lower than
this, the measurement circuit does not have enough dynamic range to follow the simu-
lated results. It is also noticeable that the measurement profile is slightly more elongated
than the simulation results along the y = 0 cross section (Fig. 4.11(d)). This could be due
to small rotational misalignments of the sample along the y axis. In addition, the spa-
tial peak temporal average intensity (ISPTA) used in this work was 30 mW/cm?, which
is below the FDA limit of 720 mW/cm? for ultrasound imaging. The microwatt teleme-
try protocol proposed in this work is simple and expected to work in numerous other

settings.

4.5. SEARCH ALGORITHM FOR DETECTING THE IMPLANT

Now let us assume that RX must be accurately located without prior knowledge. The
search for the implant will need to be broken down into two phases. The first phase is
to roughly detect where RX is through B-mode imaging. Since the implant is typically a
highly reflective material, the implant will be visible. Then a region of interest (ROI) is
implemented for the second phase, in which a rigorous scan will be executed to find RX
using the previously developed microwatt telemetry protocol. The time that it will take
is,

(Total time) = (# of pixels to measure) x (Time to measure a single pixel)
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Figure 4.11: Comparison of the (a) measured and (b) simulated ultrasound power reception plotted in a heat

map. The ultrasound power received along (c) z= 100 mm (d) y = 0 mm.

The time to measure a single pixel can be broken down into the following steps,

SN A

Receive two ultrasound burst at 1 kHz PRF : 20 ms

Find the pulse width : < 1ms

Check if there is modulation : <1 ms

if true: update and save the data and plot on screen: < 1 ms

Change the focus to the next point: 50 ms

Fig. 4.12 is another measurement of when ROI was segmented to 30 x 30 = 900 pixels

and when a rigorous scan was executed. The time that it took was 70 ms x 30 x 30

=~ 2 min. This could be improved if the algorithm was to be implemented in a lower

level language such as an FPGA instead of the MATLAB interface. However, in resource

limited settings, it may be desirable to find the hot spot through a smarter algorithm. In

the following part two faster algorithms were tested.

One straight forward search algorithm that was investigated was to incrementally

search for the global maximum using the information from the microwatt telemetry

protocol. Assuming that the algorithm begins at an arbitrary location within the ROI,
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the global maximum was searched by following the gradient of the received ultrasound
power and by incrementally searching for higher received power. This is analogous to
climbing a mountain by following the uphill direction where the top of the mountain
has the highest received power. Unfortunately after implementing this approach it was
found to be unreliable because the side lobes of ultrasound signal creates local maxima
in which case the algorithm becomes blind to its neighboring peaks.

N
a
Pulse Width (arbitrary unit)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X - axis (mm)

Figure 4.12: Heat map for new coordinate system.

Another approach was to use time/phase reversal beam forming [7]. Fundamentally,
this works by generating a first ping from the RX. The ping will arrive at the the TX el-
ements with different time delays, typically forming a parabolic curve since the source
can be seen as a point source and we assume a linear TX. By playing back the ping in
reverse, the focus can be navigated towards RX. Here, we extend this concept and used
the rising edge of the envelope pulse from the microwatt telemetery protocol. The pro-
cess is shown schematically in Fig. 4.13. First the two consecutive backscattered signals
are recorded with the 128 elements of the US probe (see Fig. 4.13(a)). At this state the
signals are noisy and cannot be used. Thus, the difference between the two signals is
taken and the envelope signal is detected. A parabolic curve is fitted on the rising edge
of the envelope signal as shown in Fig. 4.13(b). Next, the ultrasound signal is generated
while aligning the rising edge of the ultrasound signal along the inverted parabolic curve
to focus the ultrasound signal towards RX (see Fig. 4.13(c)).

Fig. 4.14(a) shows how the focus moved using the time/phase reversal technique.
The blue dot is where the modulation was detected and the focus jumped to the red star
at the center of the heatmap (shown in the background). The detected delay is shown
in Fig. 4.14(b) as a blue dot. The rising edge of the envelope signal was detected at
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Figure 4.13: Phase reversal beam forming using the microwatt telemetry protocol. (a) Two consecutive back-
cattered signal received at the ultrasound probe both having a lot of noise. (b) The parabolic curve is fitted on
the delay detected from the envelope signal. (c) The parabolic curve is inverted and the ultrasound is trans-
mitted to focus on RX.

each channel through a cross-correlation technique (finddelay function in MATLAB) and
the first channel was used as the reference channel to compute the phase/time delay
observed at each channel. The additional time that was needed for this algorithm was
mainly for the curve fitting process which took nearly 0.3 sec. Adding this to the previous

0.13 seconds, the time it takes for this algorithm to reach the hotspot was roughly 0.4

seconds.
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Figure 4.14: (a) Hot-spot tracked by the algorithm (red color dot). (b)The delay detected at 128 elements along
the width of the ultrasound probe and the parabolic curve that was fitted along the delay.
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4.6. CONCLUSION

In this work, the proposed microwatt telemetry protocol was able to communicate in-
formation of the power received at the RX to the ultrasound probe. The resolution of the
microwatt telemetry protocol was high enough to navigate the focus to a sub-mm wide
RX element at 10 cm depth through a gel phantom. The protocol developed in this work
was tested in a 2D setup with a 1D linear array. The RX transducer used in this work was
a CMUT array, which can be replaced with any other transducer as long as the reflection
coefficient can be modulated sufficiently by changing the electrical loading condition.
Two algorithms to locate the implant were tested. The time/phase reversal algorithm
shown in this work detected where the implant was located with a 0.4 seconds after the
first modulation was detected. Compared to a rigorous scanning technique, which took
approximately two minutes, there is a considerable improvement. A short discussion
about the influence of angular misalignment on the backscattered communication was
also shown in this work. The RX used in this work has an angular acceptance of + 10
degrees, but the backscattering communication only had a angular tolerance of +8 de-
grees. This implies that there may be a case when sufficient power is being sent from the
TX to RX but the RX will will not be able to communicate that information back to the
TX. To mitigate such issues, it is recommended to increase the receiving aperture of the
TX by positioning ultrasound transducer elements at wider distance.

Finally, the fundamental concept of the microwatt telemetry protocol can be ex-
tended to any other type of data-set (i.e. temperature data, action potential, heart rate),
since the key is to use one of the bursts as a reference and by doing this at a relatively
high PRF (> sub-kHz range) to denoise the lower frequency artifacts (i.e. hand move-
ment, breathing).

For future work, the microwatt telemetry protocol will be tested in inhomogeneous
mediums with vibrating motions to mimic a real-life use case. Furthermore, considering
the time/phase reversal technique, there are situations when the modulation was de-
tected but the delay did not follow a parabolic curve due to significant noise. It seemed
that the noise was random and affecting all the channels. The primary noise sources
are the : 1) acoustical contact between the ultrasound probe and the phantom and 2)
errors in delay detection using the cross-correlation function of MATLAB. Thus, these
noise sources must be addressed more specifically in future work to create a more ro-

bust time/phase reversal algorithm.
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SPATIALLY SPECIFIC ULTRASOUND
NERVE STIMULATION WITH CMUTSs

Study hard what interests you the most in the most undisciplined, irreverent and original

manner possible.

Richard P. Feynman

5.1. INTRODUCTION

Currently marketed vagus nerve stimulators are used to treat epilepsy and depression
by stimulating the vagus nerve. Vagus nerve stimulation (VNS) works by implanting a
cuff electrode directly onto the vagus nerve located at the neck. Since the vagus nerve
is a bundle of nerves that includes efferent and afferent nerves connecting to many or-
gans (i.e. heart, lung, spleen, stomach etc.), recently clinical trials have begun to explore
VNS as a method to modulate these other organs for therapeutic benefits. Some exam-
ples of these clinical trials target chronic heart failure [3] or autoimmune diseases such

as Crohn’s disease or rheumatoid arthritis. However, the side effects of these therapies

Parts of this chapter have been published in IEEE NER19 and NER21 324, 289 (2021) [1], [2]. All animal
experiments have been approved by the ‘Centrale Commissie Dierproeven’ (Central Commission for Ani-
mal Experiments) of the Netherlands Government and have been performed at the VU University according
to the Netherlands Law on Animal Research (Wet op de Dierproeven) in full agreement with the Directive
2010/63/EU with local approval by and under supervision of the local Animal Welfare Body (and Governmen-
tal surveillance).
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still remain; these include neck pain, coughing, voice alteration, and dyspnea [4]-[6] .
Therefore, the goal of this chapter is to explore a new stimulation technique, which has
the potential to induce a therapeutic effect that targets only one of the previously men-
tioned diseases, while reducing the side effects by localizing the stimulation to individual

fascicles within the nerve.

The development of selective stimulation with electrodes can be separated into the
non-invasive and invasive electrodes. One option, by the group of T. Stieglitz et al. was to
mechanically pierce through a peripheral nerve and to distribute highly selective elec-
trode contacts over the cross section of the nerve, which can create localized activation
at the fascicular level [7]. This method was effective in achieving spatially specific stim-
ulation in the sciatic nerve of a pig, yet the challenge would be to implant this device for
long term within the vagus nerve which raises much more concerns because the nerve is
in charge of vital functions. Another approach by M. Ortega et al. [8], [9] is to create thin
and soft electrodes that are as soft as the nerve itself and penetrate the vagus nerve to
avoid frictional damage towards the nerve. Due to this soft thread/suture like electrode
this is referred to as sutrode (suture + electrode) in there work which may allow spatial
stimulation and recording of the vagus nerve. This will sure allow good spatiall recording
capability of the nerve. Another option investigated was to use multiple electrodes along
the inner walls of a cuff that can be excited independently (i.e. multi-contact electrode ).
Yet A-fibers are more easily stimulated compared to C-fibers which fundamentally limits
the selectivity of this approach. As an alternative approach, we propose to use focused
ultrasound (US) to stimulate individual fascicles within the vagus nerve. It has already
been shown that US can stimulate neurons [10], [11] .The stimulation mechanism re-
mains to be unclear, but one possible explanation is that the acoustic force from the
US deforms the cell membrane and stimulates the mechano-sensitive ion channels, or
that the ultrasound is strong enough to puncture a hole in the cell membrane initiating
a depolarization of the membrane. Transcranial US neurostimulation has been studied
extensively over the past decade due to its compelling characteristic to stimulate certain
regions deep within the brain but without invasively penetrating the brain [9]. Similarly,
we hypothesize that if US transducers are wrapped around the vagus nerve, individual

fascicles within the vagus nerve can be stimulated without penetrating the nerve.

For transcranial applications, the US frequency is commonly below 5 MHz, as higher
frequency US will not penetrate through the skull. This limits the spatial resolution of
the therapy to several millimeters. Unfortunately, this is already too coarse for spatial
VNS stimulation, as the vagus nerve has a diameter of about 2 to 4 mm at the site of

stimulation. However, the resolution can be increased if higher frequencies and a larger
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number of US transducers are employed. Luckily, operating at higher frequencies is not
a limitation for our proposed solution, as the US transducers will be wrapped directly

around the vagus nerve.

Only a handful of researchers have conducted in-vivo tests at these frequencies. M.
Menz et al. stimulated retinal ganglion cells with US at a frequency of 43 MHz for retinal
prosthetic application [12]. This was possible because the retinal cells are directly acces-
sible through the surface of the eye without penetrating the skull. These results indicate
that neurons can indeed be activated at higher US frequencies, strengthening our hy-
pothesis that stimulation of neurons within the vagus nerve with such high frequencies
should be feasible. In the past, creating a cuff with US transducers so small that could be
wrapped around the vagus nerve would be unthinkable. Due to the advent of mechani-
cal and electrical micro systems (MEMS) it is now possible to fabricate thousands of US
transducers in a few millimeter square area. This allows for a high-resolution US cuff at

a size comparable to conventional VNS cuff electrodes.

In this chapter, we first introduce the concept of a new high-resolution ultrasound
based peripheral nerve stimulator. The fabrication method of the flexible array of US
transducers is explained and the acoustic measurement results of such devices are dis-
cussed. Then the spatial specificity that can be acheived with such device is simulated
and confirmed using a schlieren imaging setup. The remainder of this paper illustrates
the experimental results of using these US transducer elements to stimulate the sciatic

nerve of a rat in an in-vivo setup.

5.2. PART I : SIMULATION AND CHARACTERIZATION

5.2.1. CONCEPT : HIGH FREQUENCY CMUTS

The CMUTs used in this work were manufactured at Philips Research for the develop-
ment of intravascular ultrasound catheters (IVUS). The imaging capability and band-
width properties of the device can be seen in the works by [13] which shows that the
CMUTs have a -6 dB bandwidth of 25 MHz with a center frequency of 20 MHz at 30 V
bias voltage. The device is realized through the Flex-to-Rigid (F2R) process [14] which
is a method to connect independent silicon islands through a polyimide (PI) substrate
with interconnects embedded within the PI substrate. This allows the independent sili-
con islands to be electrically accessible while giving it the foldable property through the
flexible PI regions. A photograph of the CMUT in its flat state is shown in Fig. 5.1(a) along
with the half metal form that was used to create the curvature. Fig. 5.1(b) shows a mask
layout of the CMUT device.
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In this work we repurpose this technology for ultrasound neurostimulation by wrap-
ping the device in the opposite direction where the CMUTs will be folded inwards having
the focus towards the center of the circle. On this test device there are 112 elements out
of which 48 of them could be independently addressed with different voltages. These
devices are located at the center of the device as shown in the same figure. The remain-
der of the 64 elements are tied together to a single electrical contact. Fig. 5.1(c) shows
the device glued to the circular cuff and Fig. 5.1(d) shows the same device but from a
different angle. After gluing the CMUT into the curvature, the device is wirebonded to
a PCB. Next, the surface of the CMUT is coated with a 10 pm thick Polydimethylsiloxane
(PDMS) layer as the acoustic matching layer.

CMUT element
48 independent CMUT elements

polyimide
interconnect
region

To bondpad

Figure 5.1: (a) CMUT device in flat position (left) and the 2 mm diameter half metal pipe (right). (b) The CMUT
device rolled into a cuff.

Fig. 5.2(a) shows an illustrative cross section of a peripheral nerve. A peripheral nerve
is composed of the external epineurium, fascicles which have unmyelinated and myeli-
nated axons and blood vessels. Fig. 5.2(b) shows a conceptual image of the ultrasound
transducer wrapped around the nerve. In this figure the ultrasound transducer is shown

with a black line and the focal spot that appears at the center when the ultrasound trans-



5.2. PART I : SIMULATION AND CHARACTERIZATION 75

ducers are driven simultaneously. The focal length along the propagation direction of
the ultrasound wave is called focal depth (FD) and the focal beam diameter (FBD). Both

dimensions are defined with a -3 dB threshold.
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Figure 5.2: Ultrasound stimulation concept using a CMUT array

5.2.2. SIMULATION STUDY

In this section, the high frequency CMUTs were simulated to see how the spatial speci-
ficity increases with the frequency and aperture. The simulation was done using Fast Ob-
ject Oriented C++ Ultrasound Simulator (FOCUS) and the focal spot size was defined as
the area within the -3dB region. In order to simulate an acoustic field using FOCUS, the
transducer information (i.e. size, amplitude, position, shape, timedelay), the medium
information (i.e. attenuation coefficient, non-linearity coefficient) and the simulation
settings (i.e. transient simulation, continuous wave simulation, spatial and temporal
coordinate grid) must be defined.

The acoustic parameters of a nerve are summarized in Tab. 5.1, For simplicity, in this
simulation the nerve was simulated as an homogeneous medium with a single acoustic
property. Furthermore, the surrounding medium around the nerve is also assumed to
have the same acoustic properties as the nerve and reflection or scattering phenomenon
due to different mediums around the nerve are not taken into account. In the simulation
one transducer element which consists of 24 CMUT devices was simulated as a single
rectangular ultrasound transducer element. The radial curvature of the CMUT was cho-
sen as 1 mm as this would be the typical radius of a cervical vagus nerve of a human. The
velocity of the ultrasound transducer was set to 1 m/s. Fig. 5.3 (a) shows an illustration

of a 2 mm diameter nerve with 48 ultrasound transducer elements wrapped around the
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nerve
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Figure 5.3: Simulation model with a 2 mm diameter nerve wrapped by and US transducer array of 48 elements.
(a) Perspective (b) y-z plane (c) x-z plane.

perimeter. Fig. 5.3 (b) and (c) are views of the z-y plane and the x-z plane respectively.

The simulation was done in continuous wave mode.

Table 5.1: Simulation parameters

Nerve Parameter Value  Unit Transducer parameter Value Unit
Diameter 2 mm Amplitude 1 m/s
Speed of sound. 1629.5 m/s Transducer shape Rectangular
Density 1075 kg/m? Width 25 um
Attenuation Constant  13.3 Np/m/MHz | Height 0.65 mm
Acoustic impedance 1.75 MRayls Element Number 48,64, or 112
kerf 5 um
Curvature 1 mm
Frequency 51040 MHz

Fig. 5.4 shows the simulation results along x = 0 and y = 0 planes when the 48 el-
ements are driven simultaneously at 15 MHz. Fig. 5.4(b) and (c) shows, the pressure
and intensity profile evaluated along each plane. The result of the simulation are com-
pared to hydrophone measurements results within the following publication [1]. Fig. 5.5
reprinted from the publication showing the good agreement between the hydrophone
measurement and the simulation result. The full article is inclduded in Appendix B. This
verified that the simulation method was indeed correct.

In the following section, the spatial specificity for a diverse range of apertures and
frequencies was simulated. The number of elements was set to 48, 64 and 112 elements,
and the frequency was varied from 5 MHz to 40 MHz in 20 steps. To shorten the simu-
lation time, the computational grid along the x, z axis was limited near the center of the
cuff ; x € [-0.15mm, 0.15mm)], z € [0.5mm, 1.4mm] and only along the y=0 plane. For
each axis, the resolution was set to be less than 1/10™ of the minimum wavelength; dx =
1.2 um, dz = 3.6 um for sufficient accuracy.
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Figure 5.4: (a) Top row and bottom row shows the simulated ultrasound profile evaluated along cross section
of x=0 and y = 0 respectively. (b) Pressure profile (c) Intensity profile.
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Figure 5.5: Comparison of the experiment and the simulation. (a) The pressure profile measured using an fiber
optic hydrophone. (b) The simulation result of the pressure profile. The white line shows the contour of the
vagus nerve (¢ = 2 mm) and the black contour line represents the -3 dB level. The color bar shows the positive

peak value of the pressure profile. The red dots represent the position of each CMUT element. (c) A close up
image of (b) also corresponding to the same location in (a).
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Fig. 5.6(a) shows an example of the simulation along the y = 0 plane at f = 7MHz for
64 elements. From the figure, the -3dB focal spot (i.e. FD, FBD) was extracted. Fig. 5.6(b)
combines the results for the focal spot for the entire simulation range. From this figure,
it can be seen that the dimension of the focal spot is inversely proportional to the US
frequency. In the same figure, the gray shadowed region indicates the fascicle diame-
ter, and the red shadowed region indicates the typical fiber diameter. For 48 elements,
FD begins to be comparable to the fascicle diameter at 12 MHz. Thus, as long as the
frequency is higher than this, fascicle level specificity can be achieved. For higher num-
ber of elements both the FD and FBD are smaller than, or comparable to the fascicle
diameter. Finally, from this simulation, it can be seen that by increasing the number of
elements to 112 elements and having a frequency beyond 16 MHz it will be possible to

achieve spatial specificity at subfascicular level.
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Figure 5.6: (a) left) The -3dB pressure level simulated with FOCUS for 64 elements driven at 7 MHz. right) A
zoomed in figure of the -3dB pressure level. (b) The ultrasound frequency and wave length respect to the -3dB
focal width and length.

5.2.3. BEAMFORMING
An important aspect that must be confirmed is whether the position of the focal spot can
be controlled. Fortunately, it is possible to apply beamforming to control the position of
the focal spot. This works by applying a certain time delay to each ultrasound element.
For driving the CMUT elements we used the in-house developed 32-channel ultrasound
driver system. The detail of how this works is explained in appendix C.2.

Using this hardware restricted the maximum frequency to 14.3 MHz limited the trans-
ducer number to 32 elements while there were 48 elements available. Thus, beamform-

ing was investigated by controlling the 16 element on the right side and the 16 elements
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on the left side of the transducer array. Furthermore, beamforming was verified in the
following publication [2] using an optical setup called the schlieren system. In this sys-
tem the ultrasound wave propagating through a medium is optically visualized through
the change of refractive index caused by ultrasound. This enables rapid visualization of
the ultrasound field compared to scanning the ultrasound field with a hydrophone. Us-
ing this technique, the wavefront of the ultrasound was visualized using a stroboscopic
technique '. Readers are referred to the full article in appendix B for a complete expla-
nation of the system. Here we introduce some key results.

Fig. 5.7 shows a comparison of the acoustic field simulated with FOCUS (left col-
umn) and the acoustic intensity measured with the schlieren system (right column). The
focal spot was steered to four different spots and the intensity profile was extracted by
integrating the video over time. The simulation and the measurement results are clearly
similar in this comparison, however, the schlieren image has more background noise.

Nonetheless, the possibility to steer the beam was demonstrated.

5.2.4. ACOUSTIC INTENSITY FOR US STIMULATION

In many of the US stimulation protocols found in literature, the ultrasound signal is
modulated at three different time scales [15] . Fig. 5.8 shows a schematic with these
different time scales of the ultrasound signal corresponding to each row. The first row
has the largest time scale which defines the total time (TT) of the ultrasound stimula-
tion. It consists of a repetition of shorter bursts with a burst duration (BD) and a burst
interval (BI). Then the second row shows a zoomed in schematic within one burst. Each
burst consists of a trail of shorter ultrasound pulses. The duration of the pulse is defined
as the pulse length (PL) and it is repeated at the pulse repetition frequency (PRF). Finally,
each ultrasound pulse is composed of an ultasound signal with a certain frequency and
pressure as shown in the bottom row of the same figure.

Depending on each time scale, the intensity is defined separately. The average inten-
sity within one PL is the spatial-peak pulse-average intensity (Isppa [W/ m?]). Then the
average intensity within one BD is the spatial-peak burst-average intensity (Ispp A [W/m?]).
Finally, the average intensity over TT is the spatial-peak temporal-average intensity (Ispra
[W/m?]).

The Isppy is related to the acoustic pressure through the following equation.

2

Isppa = 57 (6.1

Thttps://doi.org/10.34894/Y4FILA
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Figure 5.7: Comparison of the simulation result and the measurement result when beam forming is applied.
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Figure 5.8: Schematic of ultrasound parameters used in ultrasound stimulation at three different time scales.

Frequency

where P is the amplitude of the ultrasound pressure and Z is the characteristic acoustic
impedance of the medium. The other definitions for pressure (i.e. Isppa and Ispr4 ) can
be derived from the above equation by multiplying Ispps with the duty ratio. Accord-
ing to Equation 5.1 the pressure of the ultrasound wave must be measured to find the
intensity.

Fig. 5.9 shows the experimental setup to measure the acoustic pressure generated
by the CMUT and the PZT transducers. In both experimental setups an optical fiber
pressure sensor (Precision Acoustics, UK) was positioned at the center of the focal point
where the maximum pressure was measured. This was found by moving the hydrophone
incrementally using a 3D motor stage. The maximum acoustic pressure at the center of
the CMUT array when 32 elements were driven simultaneously, with a DC bias voltage of
35V and an AC amplitude of 25V was applied at 15 MHz, 20 MHz, 25 MHz, and 30 MHz
resulted in a peak negative pressure of 1.1 MPa, 2.5 MPa, 1.4 MPa, and 1.3 MPa respec-
tively. The spatial peak pulse average intensity that could be achieved with the US driver
system was 44 W/cm?, 207 W/cm?, 64 W/cm? and 60 W/cm? respectively.

Considering the PZT ultrasound transducer, four different ultrasound probes were
used which had center frequency of 1 MHz, 5 MHz, 10 MHz and 20 MHz. These devices
were used as a backup for the ultrasound cuff experiment in Section 5.3. The transducers

used for this experiment all had a focal spot at approximately 1 cm distance from the
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tip of the transducer. The peak negative pressure and Isppa for different peak to peak

voltage is shown Fig. 5.10 (a,b).

Optical fiber pressure sensor

CMUT array
Half metal pipe (¢ 2 mm)

(b)

Figure 5.9: Acoustic pressure measurement for (a) CMUT (b) PZT
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Figure 5.10: Acoustic pressure measurement of the PZT transducer probe.(a) Peak negative pressure and (b)
Isppa with respect to the applied voltage to the probe.

5.3. PART 2 : IN-VIVO EXPERIMENT

5.3.1. ANATOMY OF THE SCIATIC NERVE OF A RAT

In this section the in-vivo validation of the concept was attempted with the sciatic nerve
of a rat to test stimulation specificity. This was because the sciatic nerve was selected
because it is the largest nerve within the rat and it is similar to the size of a human va-
gus nerve. The sciatic nerve contains three major nerve bundles, which are the tibial

nerve, the sural nerve and the commmon peroneal nerve (see Fig. 5.11). Selective stim-
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ulation strategies are often tested with the sciatic nerve of a rat because of this simple
hierarchical organization. The stimulation selectivity at the proximal end of the nerve
is analyzed either by hooking an electrical recording cuff along the three nerve bundles
after the bifurcation of the nerve, or by observing the direction in which the leg flicks.
Where the tibial nerve stimulation results in a plantar flexion and the common peroneal
nerve stimulation leads to a dorsiflexion as shown in Fig. 5.11 (B).

Proximal

Distal

Plantar Flexion Dorsiflexion

Figure 5.11: (A) Photograph of the rat sciatic nerve adopted from [16]. (B) Illustration of the direction in which
the leg flick depending on where the stimulation occurs. Figure adopted from [17]

In this work, as spatially specific sciatic US nerve stimulation has never been applied
in the past, we decided that being able to differentiate between three different nerve
bundle should be our initial target. If additional selectivity is needed, more electrodes
can be added at further distal bifurcation points or by using multipolar recording cuffs.
In the following section the experimental setup is explained.

5.4. EXPERIMENTAL SETUP AND RESULT

The experiment was done at Vrije Universiteit Amsterdam with the help from Huub
Maas’s group. Fig. 5.12(a,b) shows the experimental setup with the CMUT ultrasound
cuff and the PZT ultrasound probe. In both setups the sciatic nerve of a rat was exposed
and the proximal end of the nerve was sectioned and positioned at the focal spot of the
ultrasound stimulator. For the CMUT ultrasound cuff, the nerve was gently positioned
on top of the cuff. The nerve was soft enough to deform into the shape of the ultrasound
cuff. Considering the PZT probe, a 3D printed coupling cone was created to couple the
ultrasound energy towards the nerve and to prevent the electrical noise to couple into
the recording electronics. A thin PET foil or parafilm was glued on the tip of the coupling
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cone to prevent the coupling medium to leak out. At 2 to 3 cm distance from the stimu-
lator a hook electrode was positioned along the nerve at the distal side. The hook elec-
trode was connected to an amplifier and then to a readout system. For the ultrasound
stimulation experiment a vast amount of stimulation parameters are available (i.e. PRE
ultrasound frequency, amplitude, total time). To adjust this parameters on the fly dur-
ing the experiment a GUI was made using the Python tkinter package. This software also
stored the settings for each stimulation for offline analysis of the data. More detail on the

ultrasound hardware and software used for the experiment can be found in Appendix C.
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Figure 5.12: Schematic of the ultrasound stimulation setup. (a) CMUT ultrasound cuff and (b) PZT ultrasound
probe.

Fig. 5.13(a) shows the experimental setup with the sciatic nerve positioned on top of
the US cuff. A zoomed in photo of the setup can be seen in Fig. 5.13(b) with one end of
the nerve being layed on the ultrasound cuff. With the same setup a reference experi-
ment with PZT ultrasound probe was conducted as shown in Fig. 5.13(c). Unfortunately
with this setup no stimulation of the sciatic nerve was observed. In the following section
this outcome will be discussed in relation to what other researchers have done over the

years.
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(b) CMUT ultrasound stimulation (zoom) (c) PZT ultrasound stimulation

Figure 5.13: Pictures of ultrasound stimulation setup of the sciatic nerve of a rat. (a) US stimulation with a
CMUT (b) zoomed in photo (c) US stimulation with a PZT probe.

5.5. CONCLUSION AND FUTURE WORK

In Section 5.2 of this work, the ultrasound cuff concept was introduced and the ultra-
sound cuff device was simulated, assembled and tested. From the simulations, the re-
quired number of ultrasound elements to achieve fascicle level stimulation at a specific
frequency was derived. For example, if 48 ultrasound transducers are used, at least 12
MHz is needed to achieve fascicle level stimulation. The simulations also showed the re-
quirements for fiber level stimulation which was to have 112 elements and frequencies
beyond 30 MHz. Following the simulations, the ultrasound cuff device was assembled
and the acoustic pressure was measured and beamforming capability was tested and
verified using the schlieren system.

In Section 5.3 of this work, an ultrasound stimulation setup was prepared where the
rat sciatic nerve was used to test the spatial specificity of the ultrasound cuff stimulator.
The hind leg of the sciatic nerve of a rat was exposed and a ultrasound stimulation was
applied either with CMUT or PZT which unfortunately ended in unsuccessful results.
Table 5.2 summarizes the acoustic parameters that were used for these experiments. The
bottom row of the table shows a result from Stephan et al [18], where they stimulated the
sciatic nerve of a rat transcutaneously with a peak positive pressure of 22 MPa to 28 MPa

at 4 MHz. This is 10 times higher pressure used in our work, which most likely explains
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the unsuccessful results of our work. It should be noted that these results were only
recently published in 2020 which also made it difficult to make the correct decisions in
the experiment. Furthermore, the ultrasound stimulation parameter space is massive,
and the parameters to stimulate the nerve may also be related to PRF or intensity, both
of which were exhaustively investigated in this work. Therefore, our work has shown
cleary that at frequencies between 10 MHz to 20 MHz the ultrasound pressure needs to
be higher than what we used.

To achieve such high pressures, for future work, it would be better to use a commer-
cial ultrasound probe with a high frequency with a high acoustic pressure to first con-
firm that ultrasound stimulation at these high frequencies is possible. Then it should be
checked whether the power consumption of such a device is realistic for an implantable
device with state-of-the-art ultrasound transducers. If the power consumption is too
high, or if there isirreversible damage caused by the acoustic pressure, it does not make
sense to create an ultrasound cuff device. Finally, if these results turn out to work, it
would be the worthwhile to do another rerun of the work that was done in this chapter

to realize an ultrasound cuff device to achieve fascicle level specificity.

Table 5.2: Comparison of sciatic nerve ultrasound nerve stimulation parameters.

Technology Frequency [MHz] Beam steering PP PRF Stimulation? ~ Cited from
CMUT 14.3 Yes 1.1 MPa 1kHz-90kHz No Our work
CMUT 10 -20 No 2.5MPa 1kHz-90kHz No Our work
PZT 1 No 0.25 MPa 1kHz-90kHz No Our work
PZT 5 No 1.63 MPa 1kHz-90kHz No Our work
PZT 10 No 2.1 MPa 1kHz-90 kHz No Our work
PZT 20 No 2.2 MPa 1kHz-90kHz No Our work

PZT 4 No 22 MPa-28 MPa 0.3 Hz Yes Stephan et al. [18]
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ACOUSTIC PARTICLE SORTING
WITH A COLLAPSE-MODE CMUTS

You'll never find rainbows if you're looking down.

Charlie Chaplin

6.1. INTRODUCTION

Acoustic particle sorting is a biocompatible method to sort particles within a microchan-
nel [1], [2].The technique is useful for manipulating micron-size cells or sub-micron size
particles for clinical, biological, and chemical research [3]. The two most common meth-
ods to achieve acoustic particle sorting is either to use bulk acoustic waves (BAW) or
surface acoustic waves (SAW). BAW-based sorting devices use a single lead zirconate ti-
tanate (PZT) element attached to a microfluidic device fabricated from a high acoustic
impedance material, such as silicon or glass [4], [5]. The width of the microfluidic chan-
nel is designed to be an integer multiple of half of the acoustic wavelength, which creates
a standing wave within the acoustic channel that can be used to sort particles. SAW-
based sorting devices use an interdigitated transducer (IDT) fabricated through deposi-
tion and patterning of a thin piezoelectric layer. Due to this photopatternable fabrication
process, the acoustic actuation area can be well controlled, therefore SAW-based devices

Parts of this chapter have been published in IEEE MEMS 2022 conference.
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are often preferred when they are integrated with other functionalities. However, SAW-
based devices have a low throughput because the acoustic signal is only weakly coupled
into the microfluidic channel either through the top or bottom surface. Therefore, there
is a need for a BAW-based sorting device which can allow for high throughput particle
sorting, while maintaining high control over the acoustic actuation area [6].

Over the last two decades, in the field of ultrasound imaging, there has been great
improvement in MEMS based ultrasonic transducers (i.e., piezoelectric micromachined
ultrasonic transducers (PMUTs) and capacitive micromachined ultrasonic transducers
(CMUTSs)) [7]. These transducers are meant to couple ultrasound waves into the medium
in contact with the transducers. However, during our preliminary investigations using
CMUTs, it was noticed that acoustic energy can also couple into the silicon substrate
and propagate laterally in-plane through the substrate. For ultrasound imaging, this will
create unwanted imaging artifacts. On the other hand, for acoustic particle sorting, the
in-plane ultrasound is another method to generate ultrasound within a microchannel
on the same substrate. In addition, CMUTs are broadband devices which compared to
PZT devices allows for an extra degree of freedom to manipulate particles within the
microchannel. Furthermore, CMUT technology is highly compatible with silicon mi-
crofluidics; a growing field where silicon is used as the substrate to integrate complex
functionalities such as cell manipulation, cancer detection, and DNA amplification [8],
[91.

This paper is organized as follows. First, the concept of the microfluidic device with
CMUTs combined with a silicon embedded microchannel is explained. Next, the side-
wall acoustic pressure is measured from a CMUT die. Finally, the alignment of 10 pm

particles is demonstrated both in static condition and also within a microfluidic flow.

6.2. DEVICE CONCEPT

The main components of a BAW-based microfluidic particle sorting device are the mi-
crofluidic channel and the CMUT. In this section, these two components will be ex-
plained.

6.2.1. CMUTs

A schematic cross-section of a CMUT is shown in Fig. 6.1. A CMUT consists of a top
and bottom circular membrane, each fabricated from an aluminum electrode that is
passivated by a isolating layer such as SiO, or SizN4 [10]. In its non-biased state, the
CMUT has a vacuum gap between its top and bottom membrane. The top membrane is
brought into collapse-mode operation by applying a DC bias voltage beyond the pull-in
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Figure 6.1: Conceptual diagram of the CMUT combined with silicon embedded microfluidic channels. The
ultrasound is generated at the CMUT and some of the acoustic energy is coupled into the silicon substrate
where it propagates through the silicon substrate in the in-plane direction. A silicon embedded microfluidic
channel is fabricated on the same wafer to used the coupled ultrasound to sort particles. The figure is not
drawn to scale.

voltage. Then an AC signal is superimposed to vibrate the donut-shaped region around
the collapsed area. In conventional operation of the CMUT, a water-like medium is po-
sitioned above the membrane to transmit ultrasound into the medium perpendicular to
the surface of the silicon. However, in this work the medium is removed and thus, the ul-
trasound generated from this vibration couples into the substrate through the collapsed
region. Subsequently, the ultrasound signal propagates along the in-plane direction of

the substrate.

6.2.2. SILICON EMBEDDED MICROFLUIDIC CHANNELS

To efficiently couple the ultrasound energy into a microfluidic channel, the channel
must be fabricated on the same substrate, as shown in Fig. 6.1. In our prior work, we
developed techniques to fabricate silicon embedded microchannels with vertical side
walls through a standardized IC-based fabrication process [11]. Fig. 6.2 shows the fab-
rication process flow. The fabrication begins with an 8-inch Silicon on Insulator (SOI)
wafer with a 40 um device layer and a micrometer thick BOX layer (Fig. 6.2(a)). A 500 nm
thick plasma-enhanced chemical vapor deposition (PECVD) SiO, is deposited on the
device layer (Fig. 6.2(b)). Afterwards, positive photoresist is patterned on top with the
channel design composed of small rectangular openings of 1 um by 1 pm (Fig. 6.2(c)).
Then this pattern is transferred to the SiO; layer that was previously deposited using dry
etch (Fig. 6.2(d)). Using this as a hardmask the silicon substrate was etched using deep
reactive ion etching (DRIE). This recipes is composed of two stages. First, the dry etch
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is isotropic and it etches underneath and around the oxide mesh to merge it as a single
microchannel (Fig. 6.2(e)). The second stage is an anisotropic etch, down to the BOX
layer (FIg. 6.2(f)). Once the channel is etched it is closed by depositing 3 pm of PECVD
Si0y, thereby creating a Si embedded microchannel in the SOI wafer. For the microflu-

idic channels, a large opening is made at the inlet/outlet to let the fluid in and out.
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Figure 6.2: Fabrication process of the silicon embedded microchannel.

6.2.3. COMBINING THE TWO DEVICES

Conintegration of CMUTs with the microfluidic channel is not trivial and beyond the
scope of this investigation. Therefore the two technologies were combined by gluing the
two chips at the side using epoxy (Epotek 301) as shown in Fig. 6.3. Our hypothesis was
that as long as the Epotek 301 is thin and hard enough, ultrasound can be coupled into
the neighboring chip.

The channel design to test the acoustic particle sorting is shown in Fig. 6.4. The gray
area is the chip, the blue area is the microfluidic channel and the ultrasound will be sent
from the sidewall at the top of the figure. The microfluidic channel has a width of 375 um
at the center, which corresponds to a wavelength (1) of 4 MHz. This frequency was cho-
sen because the CMUT has a center frequency around 4 MHz to 5MHz. In theory, if

2MHz driving frequency is used, the particles will align at the center of the channel,
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Figure 6.3: Combining the two devices with epoxy (Epotek 301)

while 4 MHz will align the particles along the two node which are quarter of a wavelength
from the wall. In Fig. 6.4 the three branches near the inlet/outlet are designed to sort the
particles based on these two frequencies. The meander shape near the inlet/outlet was
designed so that the fluid velocity was equivalent for all three channels . The design was
fine-tuned using COMSOL simulations. The chip at first glance looks empty with only
one microfluidic channel at the center, but this was to ensure that there is enough space
to create a reliable microfluidic connection.

Ultrasound Source (CMUT)

Figure 6.4: The layout of the microfluidic device. The blue area is the microchannel and the gray area is chip.

6.3. RESULTS AND DISCUSSION

In this section, first the acoustic pressure from the side of a CMUT was measured using
a hydrophone. Secondly, to further increase the acoustic pressure a phase alignment
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method is introduced and tested. Next, particle alignment is demonstrated in a water
droplet that contains small latex beads. Finally, the fabrication results of the microfluidic

device is shown and particle sorting is demonstrated in a microfluidic flow.

6.3.1. SINGLE ELEMENT ACOUSTIC PRESSURE MEASUREMENT

Fig. 6.5(a) shows an overview of the measurement setup. A droplet of water was placed
adjacent to the CMUT die, so that the surface tension kept the water in place. The image
taken from the USB microscope above the CMUT is shown in Fig. 6.5(b). The acoustic
pressure coupled from the sidewall of the CMUT die was measured with a fiber optic hy-
drophone (Precision Acoustics, UK) with a tip size of 10 pm diameter. The hydrophone
was carefully positioned with a motorized 3D axis stage. The output pressure was rela-
tively insensitive to the vertical position of the hydrophone. Thus, the hydrophone was
positioned near half the height of the CMUT die. The diameter of the CMUT membrane
used in this work was 355 um. Each row of CMUTs in Fig. 6.5(b) is referred to as a CMUT
element, and has a length of 12 mm, with 33 CMUT devices in each element. These
CMUT elements were fabricated with a pitch of 315 pm along the 2 cm height of the die.
The element at the very edge of the die is a dummy element and cannot be used. The
thickness of the silicon die was 720 pm. The distance between the hydrophone and the
silicon sidewall was approximately 0.9 mm.
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Figure 6.5: (a) Overview of the acoustic measurement setup to measure the ultrasound generated from the side
of CMUT die. (b) Image taken from the USB microscope camera positioned above the CMUT.

Fig. 6.6 shows the driving circuit used for this setup. An AC voltage is generated from
a function generator which is amplified with the RF amplifier. The output of the ampli-
fier is connected to the top electrode of the CMUT via a coax cable and the -5dB attenu-
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ator. Due to the high frequency and large impedance mismatch between the CMUT and
the RF amplifier this becomes a large source of reflection. Thus, the -5dB attenuator, re-
duces reflections from the CMUT back to the RF amplifier and the 50 Q2 load connected
immediately after the attenuator is used for impedance matching. The resistive volt-
age divider of 4.9kQ and 50 Q attenuates the AC voltage to a readable level that can be
observed with an oscilloscope. Finally, on the very right side of the figure is a DC bias
voltage connected to the bottom electrode of the CMUT through a current limiting re-
sistor of 100 kQ. The 47 nF capacitors in the circuit are chosen to be orders of magnitude
larger than the CMUT capacitor to be used as a decoupling capacitors.

RF ampliifier CMUT = tens of pF)

] (-[5aB I—{ﬂ -
+ coax cable 50 Q 00 k A
V. 49kQ 47 OF
< _ 50 Q

to oscilloscope
(input 50 Q)

Figure 6.6: Driving circuit of the CMUT for acoustic sidewall pressure measurement.

In order to find the optimal driving frequency and bias voltage, a single CMUT ele-
ment near the edge of the die was driven with f=2.5-4.5 MHz, V};,s = 120-150 Vpc, Vac
=15 Vymp, waveform = sine, cycle = 1, PRF = 1 kHz. The measurement was conducted for
two CMUT samples and the results were averaged. Figure 6.7 shows the result when (a)
the 4th element, (b) the 3rd element and (c) the 2nd element was tested.

In all cases, the output pressure increased at higher frequencies because this is closer
to the center frequency of the CMUT. We also see that at higher frequencies the out-
put pressure increases as the bias voltage is increased for all elements. This is a com-
mon behavior in immersed ultrasound transducers because the electrical field strength
increases. However in this work, it is likely that the large collapse area increased the
coupled ultrasound into the substrate. Interestingly, there are opposite behaviours seen
at lower frequencies. For example, for the 2nd element (Fig. 6.7(c)), at lower frequen-
cies the output pressure decreases as the bias voltage is increased. This is because a
higher pressure is propagating through the silicon in SAW mode. For our current work
we focused on the highest pressure that could be generated which occurs at a higher fre-
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Figure 6.7: The peak to peak pressure seen on the optical hydrophone when (a) the 4th element, (b) the 3rd
element and (c) the 2nd element was driven with the following driving conditions : f = 2.5-4.5 MHz, Vj; ;s =
120-150 Vpc, Vac =15 Vamp, wacefor = sine, polarity = bipolar, cycle = 1, PRF = 1 kHz

quency and higher bias voltage. A typical example of how the transient waveform looks
like for these higher pressure parameters is shown in Fig. 6.8. In this figure, the 2nd
CMUT element was driven with f=4.5 MHz, Vj; 45 = 150 Vpc, Vac = 15 Vamp, waveform =
sine, , polarity = bipolar, cycle = 1, PRF = 1 kHz. The response showed a ringing behavior

because the CMUT membrane has an underdamped response in air.

6.3.2. PHASE DELAY AMPLIFICATION

The maximum pressure generated in the previous measurement went up to a peak value
of 40 kPa. In our work we wanted to increase the pressure even further by applying, phase
delay amplification. To explain this, in Fig. 6.9 phase delay amplification is achieved by
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Figure 6.8: Transient waveform of the pressure from the sidewall of the CMUT die.

incrementally delaying the same driving signal for each CMUT element with At, such
that the ultrasound signal traveling through the substrate is added in phase. In this way,
a higher output pressure can theoretically be achieved. The ultrasound waves will add

in phase if the following equation is satisfied,

v=— (6.1)

where D is the pitch between each element and v is the velocity of sound through the
substrate. For silicon, v is dependent on the crystal orientation and the vibrational
modes that are present. The CMUT devices used in this work have the <110> orienta-
tion perpendicular and parallel to the CMUT element. The vibrational mode is not clear
and multiple vibrational modes could simultaneously exist. Therefore, in this work, At

was swept to find the best phase delay amplification condition.

o)
: 4" element
L[] w

3 element
Driving signal ”—Hﬂ # 2 element
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. T

Figure 6.9: The phase delay amplification method.

The 32 CMUT elements closest to the water droplet was driven with the in-house-
built ultrasound driver system based on the HV7351 pulser chips (Microchip Technology,
USA). The driving signal was f'= 4.5 MHz, Vj;as = 150 Vpc, Vac = 15 Vanp, waveform =

square, polarity = unipolar/positive, cycle = 15, PRF = 1 kHz. The acoustic pressure was
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measured when At was increased from 5 ns to 150 ns in 5 ns steps. From Fig. 6.10, the
output pressure constructively interfered when At =40 ns and 65 ns. This corresponds to
a sound velocity within silicon at 7875 m/s and 4846 m/s respectively based on equation
6.1. This matches reasonably well with longitudinal velocity (9138 m/s) and transversal
velocity (4675 m/s) that has been reported in literature [12]. The maximum peak-to-
peak pressure was 0.9 MPa. For comparison, the output pressure of 32 CMUT elements
without phase delay amplification is shown in Fig. 6.10 with a dashed line (At = 0 ns).
The peak-to-peak output pressure was 140 kPa which was 6.4 times lower than when

phase delay amplification was applied.

1
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08 velocity = 7875 m/s
0.7 ¢
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Figure 6.10: Peak-to-peak pressure when phase delay amplification was applied with a time delay from At=5
ns to 150 ns in 5 ns steps. At = 0 ns is the peak-to-peak pressure without phase delay amplification.

6.3.3. PARTICLE SORTING IN A STATIC CONDITION

Fig. 6.11(a), is the microscope view of the experimental setup used to demonstrate par-
ticle sorting. A droplet of water with 10 um latex beads was positioned next to the CMUT
with a glass reflector at a 4 mm distance from the sidewall of the CMUT. To increase the
contrast of the latex beads a thin silicon wafer was positioned beneath the water droplet.
In the beginning, the particles were mixed, and there were no distinct patterns. The ul-
trasound was then turned on for a few seconds, using the same beam steering conditions
found to generate the maximum output pressure (f= 4.5 MHz, Vj;4s = 150 Vpc, Vge = 15
Vamp, waveform = square, polarity = unipolar/positive, cycle = 15, PRF = 5 kHz). The PRF
was increased to 5 kHz for a slightly higher output power resulting in a duty cycle of 1.7
%. The effect of the ultrasound field on the particles is shown in Fig. 6.11(b). The par-
ticles aligned in stripes of 166 um pitch, which corresponds to half of the wavelength of
4.5 MHz ultrasound in water. The video recording of particle alignment can be seen in

this link'. The video is not fast-forwarded. In the video, interesting streaming effects are

1 Acoustic particle sorting : https:/ /youtu.be/NknlrxfTna8
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also visible, but the study of this phenomenon was beyond the scope of this work.

Ultrasound On

Ultrasound Off
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o
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particle (10
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‘Reflector (Gla;ss kPIate)

eflector (Glass Plate)
() (b)
Figure 6.11: Ultrasound 10 um latex beads sorting, (a) before the ultrasound and (b) after the ultrasound. The

ultrasound parameter used: f = 4.5 MHz, PRF =5 kHz, Vp = 15V, Vbias = 150 V, Duty Cycle = 1.7 %, At =40 ns,
32 elements, and cycle number = 15.

6.3.4. FABRICATION OF THE MICROFLUIDIC DEVICE

Fig. 6.12(a) is an intermediate fabrication result of the microfluidic channel on a test Si
wafer. This figure shows the cross section of the microfluidic channel made immediately
after the DRIE step in Fig. 6.2(f). The vertical sidewall guarantees that the ultrasound
transmitted from one sidewall would form a standing wave within the channel. The cross
section of the top membrane after closure is shown in Fig. 6.12(b). A clean closure of
the membrane can be seen, as well as scallops on the sidewall which are by-products
of the DRIE process. The size of the scallops in the order of several microns will not
have an influence on the result since the ultrasound signal has a much larger wavelength

(>375um) both in silicon and in water.

6.3.5. PARTICLE SORTING IN A MICROFLUIDIC FLOW

The microfluidic device and the CMUT was assembled together with epoxy as shown in
Fig. 6.13. The top figure shows the overview of the assembly and the bottom figure shows
the zoomed in image of the microfluidic device. Fig. 6.14 is the setup with the peripheral
equipment connected to the microfluidic device. In this setup the ultrasound driver is
controlled by the laptop and the syringe pump pushes the water containing 10 um la-
tex beads at 1 uL/min through the microfluidic device, which is collected in the beaker.

The particle behaviour was observed through the microscope while the ultrasound sig-
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Figure 6.12: (a) SEM picture 3 branch inlet. (b) SEM picture of the closed membrane.
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nal was turned on with the following parameters; f = 2 MHz or 4 MHz, Vp;4s = 150 Vpc,
Vac =20 Vgmp, waveform = square, polarity = unipolar/positive, cycle = 15, PRF = 15 kHz,
At = 40 ns. Two frequencies (2 MHz and 4 MHz) were tested where it was expected that
the sorting will occur at different nodes. Unfortunately particle sorting was not observed
for 2 MHz, likely due to the lower acoustic pressure (see Fig. 6.7). However, for 4 MHz,
particle sorting was clearly observed. Fig. 6.15 shows the particle sorting after 3 seconds
of sorting observed midway in the microchannel for a low particle density. The image
on the top is what was recorded on the microscope. This image was post-processed by
filtering the background to achieve the figure at the bottom and by averaging the gray
value along the length of the channel to obtain the normalized intensity profile. As indi-
cated in the figure, the particle aligned at quarter of wavelength from the side. The other
node was not visible for this sample due to imperfect assembly using glue. In contrast,
Fig. 6.16 shows the result when the particle density was increased. In this case the parti-
cle position has a broader distribution but the peaks are positioned exactly at the correct

nodes.

6.4. CONCLUSION

In this work a novel CMUT-based acoustic microfluidic device was proposed, assembled
and tested. The maximum output peak-to-peak pressure of 0.9 MPa achieved in this
work is substantially higher compared to other works on acoustofluidic separation [4].
This was accomplished through a phase delay amplification technique which aligned
the ultrasound signal to add in phase within the Si substrate. This improved the output
pressure by 6.4 times compared to when no phase delay amplification was used. Us-
ing this tecnique a particle sorting experiment was conducted both in a static condition
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Figure 6.13: The microfluidic device and the CMUT assembled together.
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Figure 6.14: Setup to measure the acoustic focusing of the ultrasound driver

and also in a microfluidic flow. In both conditions the particle aligned happened within
seconds. In conclusion, this CMUT-based sorting method has great potential as a parti-
cle sorting technique in lab-on-a-chip systems. The ability to selectively excite different
CMUT elements with the possibility of extra pressure with phase alignment, the broad
bandwidth, batch fabrication, and IC integration are the main advantages of the current
device over existing acoustic sorting devices. For future research, it is recommended to
integrate the CMUTs on the same die, which will significantly improve the performance
compared to what has been reported in this work.
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Figure 6.16: High density particle sorting along the microfluidic channel
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CONCLUSION AND FUTURE WORK

7.1. CONCLUSION
The main motivation of this work was to find novel application areas for the collapse-
mode CMUTs which cannot be addressed with conventional bulk PZT technology. Here

we briefly review the key contributions from this work.

CHAPTER 2

The semi-analytical reduced order model of a collapse-mode CMUT was extended with
a built-in charge layer. The experimental data was compared to the model showing that
the dominant charge mechanism is a dipole within the CMUT. This is caused by the
oxygen vacancies within the Al,O3 layer repositioned by the electrons that tunnel into
the Al, O3 layer.

CHAPTER 3

The pre-charged collapse-mode CMUT was characterized showing in both transmission
and in reception. The -6 dB bandwidth of pre-charged collapse-mode CMUT device was
113 % with a center frequency of 5.1 MHz. The transmit sensitivity and the receive sen-
sitivity was 0.88 MPa/100V and 10 V/MPa respectively. When the CMUT was optimally
loaded with a matching inductor and a resistor, the power conversion efficiency mea-
sured from the surface of the CMUT to the resistive load was 42 % to 47 % which is better

than other ultrsound transducer technology.
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CHAPTER 4

The pre-charged collapsed-mode CMUT was shown that it could communicate with an
external ultrasound source by means of backscattering. In the first part of this chap-
ter a backscattering scheme with on-off keying was implemented to communicate the
amount of power to the external ultrasound source. In the second part of this chapter
a time-reversal beam forming technique based on the backscattered signal was imple-

mented to instantaneously locate the implant.

CHAPTER 5

Ultrasound nerve stimulation with an ultrasound cuff device was tested. In this work
the ultrasound cuff device was assembled, characterized and the beam forming capa-
bilities were verified. Afterwards ultrasound neurostimulation was tested on the sciatic
nerve of a rat, which unfortunately ended in failure. A spatial peak acoustic pressure of
nearly 2 MPa amplitude at a center frequency of 14.3 MHz was not sufficient to illicit an
action potential. The reason could be due to the thick myelin sheath that is protecting

the nerve.

CHAPTER 6

The CMUT device was tested in air to see whether the ultrasound energy could be cou-
pled to the sidewalls of the die where it could be used for particle sorting application for
lab on a chip devices. It was shown that nearly 1 MPa of pressure can be generated if

multiple CMUT elements was operated in-phase.

7.2. FUTURE WORK
The future work is splitin to three main categories; i) Pre-charged collapse-mode CMUTs,

ii) Ultrasound nerve stimulation and iii) Acoustic particle sorting.

PRE-CHARGED COLLAPSE-MODE CMUTS
1. The bandwidth and sensitivity of the pre-charge collapse-mode CMUT drifts as
the built-in charges redistribute within the charge storage layer. Therefore, a charge

storage layer which can increase the charge retention time should be investigated.

2. The matching inductor that is required to tune off the electrical capacitance of
the CMUT should be removed or minimized in order to save space, especially for
power receiving applications. One potential idea would be to divide the bottom
electrode of the CMUT into two parts. One part should be a circular plate beneath
the collapse-region and the other part should be a donut-shaped ring region cor-

responding to the area beneath non-collapsed region. This will remove the large
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dead capacitance that is under the collapse-region and would allow higher receive
sensitivity for the device because less capacitance is loading the circuit. Conse-
quently, if the electrical capacitance of a CMUT has a high impedance, the match-
inginductor could be removed because most of the current will flow to the resistive
load with a lower impedance.

3. Finally, one should create a B-mode image with the pre-charged collapse-mode
CMUT. The high sensitivity and broad bandwidth that was obtained in this work
shows ample evidence that this should work, however a clear demonstration is
worth a thousand words.

ULTRASOUND NERVE STIMULATION
1. The ultrasound parameters to stimulate the sciatic nerve or the vagus nerve should
be investigated with high intensity focused ultrasund transducers that are com-

mercially available at frequencies above 10 MHz.

2. Once the parameter to achieve ultrasound stimulation is found, acoustic simula-
tion should be used to determine whether the ultrasound cuff concept is theoreti-
cally feasible in terms of its energy consumption, heat dissipation and safety as an

implantable device.

3. The device should be fabricated and tested in-vivo as it was done in this work.

ACOUSTIC PARTICLE SORTING
1. The CMUT should be combined with a microchannel which islocated on the same
substrate. This will maximize the amount of pressure coupled into the microchan-

nel.

2. To maximized the beam forming and amplification effect of the CMUT, one could
use a fan shaped layout of the CMUT as was shown for SAW based acoustic sorting

devices.
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DERIVATION OF THE CMUT
MODEL

A.1. ELECTRIC FIELD CALCULATION
Referring to G. M. Sessler' eq. 16 and eq. 19 the electric field through the equivalent

dielectric stack is as follows,

SEIZV—Veff x1=x<0
V-V o1+ Pmx .
sE>(x) = eff + 17 Pm 0<x<1t3 A1)
£5i0, £0E5i0, .
V-V, O b R
sE, = eff+ Pmls I3<x<Xx2
€Si0, €0E€SiO,

where s =} x;/€;, Verr = E(‘)xg:é where 6, is defined according to eq. 2.9. Using this
102

result, by correcting the electric field for the original dielectric constants, the electric

field between the top to bottom layer is shown in Fig. A.1. The induced charge on the

top and bottom electrode, 0 ¢op ando pos10:m are respectively,

V-V,
Tiop=E0— o7 (A.2)

1g. M. Sessler, “Electric Fields and Forces due to Charged Dielectrics,” Journal of applied physics, vol. 43, no.
November 2003, pp. 405-408, 1972. DOI: 10.1063/1. 1661128.
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V-V 0O+p X
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(b)
Figure A.1: electric field
V—Very
Obottom = _EOT_Pm% ==0Otop~PmM3 (A.3)

The total energy W that within this layer stack is expressed with the following inte-
gral,

W= f %eoer(x)E(x)zdx (A.4)

However, without calculating the integral, the electrostatic pressure acting on the
membrane can be solved because the change in electric field only occurs at the vac-
uum gap. In other words the force acting on the top membrane is the ratio between the
change in total energy AW and the change in displacement Aw.

oW AW

P=——=———
ow Aw

(A.5)

Fig. A.1(b) shows the distance between the top and bottom plate increased by Aw
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and the additional energy stored by increasing the gap size is the contribution of the

shadowed region which is,

1 ((V=Verp)\?
AW:EQL———QL)AW (A.6)
Including this into eq. A.5 the pressure acting on the top plate is,
1 ((V=Verp)?
P:—E%(——?ﬂi) A7)

which is acting on the opposite direction of the displacement shown by the negative

symbol.

A.2. SOLVING THE MEMBRANE DYNAMICS

Eq. 2.10 is non-dimensionalized as follows,

200(F, 7 G V2 (7,1
AL P PR 2 R
012 r 21+ w(r, t))z 2(1+ w(r, t))z (A.8)
. e+ Wt P o 0wt
+Haberfc(¥)+€7f W(f )
For or

The "A" symbol denotes that the values are nondimensionalized. The detailed pro-
cess can be followed in the works by M. Pekar et al.”. To solve for the transversal dis-
placement 0, the solution is approximated with a linear combination of n independent

basis function ¢; (r)

n
IO EDWHGING! (A.9)
i=1

By this conversion the partial differential equation (eq. A.8) could be converted to n
sets of ordinary differential equation where the coefficients g; fori= 1 to n can be solved
using the Galerkin approach. The basis function ¢); () are chosen to be the undamped

axisymmetric eigenmodes of a circular plate determined by,

SV TPV

(A.10)
JoWV1(Q))  Ih(V(Q)

¢ (F) =

2M. Peka 1, S. H. van Nispen, R. H. Fey, S. Shulepov, N. Mihajlovi ¢, and H. Nijmeijer, “A fluid-coupled trans-
mitting CMUT operated in collapse mode: Semi-analytic modeling and experiments,” Sensors and Actuators,
A: Physical, vol. 267, no. 2017, pp. 474-484, 2017, ISSN: 09244247, DOI: 10.1016/j.sna.2017.09.055. [Online].
Available: http://dx.doi.org/10.1016/j.sna.2017.09.055.
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where Jy and I are the Bessel function of the first kind and the modified Bessel function
of the first kind respectively. Q; is the i the non dimensional natural angular frequency.
The non-dimensional natural frequency are based on A. W. Leissa °.
This way of choosing the basis function allows us to simplify the biharmonic operator
as,
Vigi(r) = Q3¢; (A.11)

1
fo Gi(j(rrdr=4;; (A.12)

where §;; is the Kronecker delta.

3A. W. Leissa, “Vibration of plates,” Tech. Rep. Special Publication (SP), 1969, pp. 1- 413.
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Pressure measurement of geometrically curved ultrasound
transducer array for spatially specific stimulation of the vagus nerve

S. Kawasaki, V. Giagka, M. de Haas, M. Louwerse, V. Henneken, C. van Heesch, and R. Dekker

Abstract— Vagus nerve stimulators currently on the market
can treat epilepsy and depression. Recent clinical trials show the
potential for vagus nerve stimulation (VNS) to treat epilepsy,
autoimmune disease, and traumatic brain injury. As we explore
the benefits of VNS, it is expected that more possibilities for a
new treatment will emerge in the future. However, existing VNS
relies on electrical stimulation, whose limited selectivity (due to
its poor spatial resolution) does not allow for any control over
which therapeutic effect to induce. We hypothesize that by
localizing the stimulation to fascicular level within the vagus
nerve with focused ultrasound (US), it is possible to induce
selective therapeutic effects with less side effects.

A geometrically curve US transducer array that is small
enough to wrap around the vagus nerve was fabricated. An
experiment was conducted in water, with 48 US elements curved
in a 1 mm radius and excited at 15 MHz to test the focusing
capabilities of the device. The results show that the geometrical
curvature focused the US to an area with a width and height of
110 pm and 550 pm. This will be equivalent to only 2.1% of the
cross section of the vagus nerve, showing the potential of focused
US to stimulate individual neuronal fibers within the vagus
nerve selectively.

. INTRODUCTION

Currently marketed vagus nerve stimulators are used to treat
epilepsy and depression [1] by stimulating the vagus nerve.
Vagus nerve stimulation (VNS) works by implanting a cuff
electrode directly onto the vagus nerve located at the neck.
Since the vagus nerve is a bundle of nerves that includes
efferent nerves connecting to many organs other than the brain
(i.e. heart, lung, spleen, stomach etc.) recent clinical trials have
begun to explore VNS as a method to modulate these other
organs for therapeutic benefits. Some examples of these
clinical trials target chronic heart failure [2] or autoimmune
diseases [3] such as Crohn’s disease or rheumatoid arthritis.
However, the side effects of these therapies still remain; these
include neck pain, coughing, voice alteration, and dyspnea [4].
Therefore, the goal of this paper is to explore a new stimulation
technique, which has the potential to induce therapeutic effect
that targets only one of the previously mentioned diseases,
while reducing the side effects by localizing the stimulation to
individual fascicles within the nerve.

One option that was explored by T. Stieglitz et al. was to
mechanically pierce through a peripheral nerve and distribute
highly selective electrode contacts over the cross section of the
nerve, which can create localized activation at the fascicular
level [5]. This method was proven to work for motor nerves.

“Research supported by ULIMPIA
S. Kawasaki and V. Giagka are with the Microelectronics Department,
Delft University of Technology, Delft, The Netherlands (corresponding

author e-mail: shinnosuke.kawasaki@philips.com). V. Giagka is also with
Fraunhofer Institute for Reliability and Microintegration 1ZM, Berlin,

Nonetheless, to our knowledge this concept has not been
applied to the vagus nerve, most likely because the vagus
nerve has vital functions and is too risky to penetrate with such
a device. Another option investigated was to use multiple
electrodes along the inner walls of a cuff that can be excited
independently (i.e. multi-contact electrode [4], [6]). For this
method, additional advancement must be made to increase the
number of electrodes to achieve better spatial resolution.

As an alternative approach, we propose focused ultrasound
(US) to stimulate individual fascicles within the vagus nerve.
It has already been shown that US can stimulate neurons [7].
The stimulation mechanism remains to be unclear, but one
possible explanation is that the acoustic force from the US
deforms the cell membrane and stimulates the mechano-
sensitive ion channels [8]. Transcranial US neurostimulation
has been studied extensively over the past decade due to its
compelling characteristic to stimulate certain regions deep
within the brain but without invasively penetrating the brain
[9]. Similarly, we hypothesize that if US transducers are
wrapped around the vagus nerve, individual fascicles within
the vagus nerve can be stimulated without penetrating the
nerve.

For transcranial applications, the US frequency is
commonly below 5 MHz, as higher frequency US will not
penetrate through the skull. This limits the spatial resolution of
the therapy to several millimeters. Unfortunately, this is
already too coarse for VNS, as the vagus nerve has a diameter
of about 2 to 4 mm at the site of stimulation. However, this
resolution can be increased if higher frequencies and a larger
number of US transducers are employed. Luckily, operating at
higher frequencies is not a limitation for our proposed solution,
as the US transducers will be wrapped directly around the
vagus nerve.

Only a handful of researchers have conducted in-vivo tests
at these frequencies. M. Menz et al. stimulated retinal ganglion
cells with US at a frequency of 43 MHz for retinal prosthetic
application [10]. This was possible because the retinal cells are
directly accessible through the surface of the eye without
penetrating the skull. These results indicate that neurons can
indeed be activated at higher US frequencies, strengthening
our hypothesis that stimulation of neurons within the vagus
nerve with such high frequencies should be feasible.

In the past, creating a cuff with US transducers so small that
could be wrapped around the vagus nerve would be

Germany. M. Louwerse, V.Henneken, C.van Heesch, R. Dekker is with
Philips Research, Eindhoven, The Netherlands. M. de Haas is with Philips
Innovation Services, Eindhoven, The Netherlands.



unthinkable. Due to the advent of mechanical and electrical
micro systems (MEMS) it is now possible to fabricate
thousands of US transducers in a few millimeter square area.
This allows for a high-resolution US cuff at a size comparable
to conventional VNS cuff electrodes.

In this paper, we propose a new high-resolution vagus nerve
stimulator. A flexible array of US transducers that can be
wrapped around the vagus nerve. This device will have the
potential to achieve single fascicle stimulation along with the
ability to control the stimulation region by applying a phase
delay to each US transducer. Finally, the concept can be
extended to all peripheral nerves. Thinner nerves can also be
targeted if a suitable spacer with an acoustic impedance similar
to water is used between the nerve and the US transducers
because US will propagate through the spacer.

The rest of this paper illustrates the focusing capabilities
of such a proof-of-concept high-resolution cuff, in a proof-of-
concept experiment. A device with 48 US transducer elements
(each element consisting of 24 US transducers) was fabricated
and positioned in a half-cylinder with 1 mm radius inside the
water medium. The array of transducers were excited and the
pressure profile in the volume within and above the half-
cylinder (where the nerve would be positioned) was
measured. To verify measured results, simulations of the US
pressure field were also conducted, using the same geometry.

Il. MATERIAL AND METHOD

A. Sample preparation

Capacitive  Micromachined  Ultrasonic ~ Transducers
(CMUTSs) consist of two circular parallel plates with the
bottom plate on the silicon substrate and the top plate
suspended over the bottom one, with an insulating layer and a
vacuum gap in between. By applying an AC signal to the two
plates, the distance between them changes generating US. An
additional DC voltage can be applied either to tune the center
frequency or to increase the amplitude of the US [11].

The CMUT devices were fabricated through MEMS
microfabrication. Each features with a diameter of 25 um and
24 of them were aligned on a single silicon island with 2 um
spacing between two adjacent CMUT devices. This silicon

Residue of glue  Electrical Interconnects

Bond pad for external
Encapsulated in Polyimide connection

Figure 1.

island will be referred to as a CMUT element. On the same
wafer, 112 of these CMUT elements were aligned next to each
other with 2 um spacing. The Flex-to-rigid process [12], [13]
was employed to use polyimide as a flexible layer that
connects all elements, thus creating a flexible device which
can curve.

The array of CMUT elements was fixed in a curvature
along the inner wall of a half-cylinder with an inner radius of
1 mm. This was placed on top of a PCB and was wire bonded
to connect to external connectors. Subsequently, the device
was coated with 20 um of PDMS and 5 um of Parylene. The
PDMS served as an acoustic matching layer between the
CMUT and water. The parylene on top of it prevented PDMS
from absorbing water and avoided short circuits at the
electrical connectors. Fig. 1la shows an overview of the
prepared sample before it was coated with PDMS and
Parylene. Fig. 1b is a close up image of the CMUTSs.

B. Experimental setup

Fig. 2a shows the experimental circuit. A 5V DC bias was
connected to all of the CMUTS through a 100 k< resistor. The
48 CMUT elements at the center of the device were connected
in parallel and were excited simultaneously. An US tone burst
of 15 MHz at a pulse repetition frequency (PRF) of 1 kHz with
30 cycle was generated with a function generator (Keysight
Model 3621A). This signal was amplified through an amplifier
up to 17 V peak-to-peak voltage to excite the CMUT elements
via a decoupling capacitor (47 nF). This input RF signal was
measured across a 100:1 voltage divider. The acoustic pressure
was measured with an optical fiber pressure sensor along with
the fiber optic hydrophone (Precision Acoustics).

Fig. 2b is a side view of the CMUT immersed inside water
during the measurement. The optical fiber pressure sensor with
a tip diameter of 0.1 mm was positioned from the top. Water
was used as the acoustic medium to mimic the acoustic
property of a nerve, since sound velocity is relatively similar
for water (1500 m/s) and nerve (1630 m/s). Using water also
confirms that the device is watertight and can be extended to
in-vitro experiments in the future.

One silicon island with 24 CMUTs

(a) Overview of curved CMUT wire bonded to a PCB before coating of PDMS and Parylene. The CMUT elements were glued to the half-

cylinder which was then glued to the PCB. The electrical interconnects are encapsulated in polyimide which is further connected to the bondpad for
external connection. (b) a close up image of the CMUTs with 24 CMUTSs in one column and 112 CMUT elements (not shown entirely) in a row. The

transparent yellow film encapsulating the islands is the polyimide.
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(a) An overview of the experimental circuit. A sine wave with 30 cycles, a center frequency of 15 MHz, and a peak to peak voltage of 17

V at a pulse repetition frequency of 1 kHz, was applied to 48 CMUT connected in parallel via an RF power amplifier and a decoupling capacitance 47
nF. The DC bias voltage was supplied through a 100 k< resistor. (b) The sideview of the measurement setup. The CMUT is aligned in a curvature
along the half-cylinder and the optical fiber pressure sensor is positioned within the curvature.

The tip of the optical fiber was moved with a motor
controlled micromanipulator in 20 pm steps in the x and z
direction shown in Fig. 2b. The y-position was adjusted at the
x-z plane with maximum pressure by moving the optical fiber
tip in the y-direction (in/ out of plane in Fig. 2b).

C. Simulation of the US pressure field

The US pressure field from the CMUT was simulated with
an open source software from Michigan State University, Fast
Object-Oriented C++ US Simulator (FOCUS) [14]-[16]. In
FOCUS, the US field can be simulated by describing the
geometry of the US transducer and the medium in which the
US propagates. The US transducer geometry was constructed
by aligning 48 rectangular transducer elements into a curvature
with a radius of 1 mm. Each rectangular element represents a
single CMUT element. The width and height of the rectangle
element was 25 pm and 0.65 mm respectively. The spacing
between each transducer was 2 pum.

The simulation was done in a continuous wave mode and
the medium used for the simulation was water. The pressure
was simulated on the x-z plane at y = 0, which is the center of
the US transducer element.

Fig. 3a is the measured pressure field. The instantaneous
spatial peak pressure (Ppea) Was 310 kPa. The width and length
of the focal area defined by the -3dB level (shown with a black
contour) was 110 pm and 570 pm respectively. The
experimentally scanned area is relatively small compared to
the size of the half-cylinder. This was because a larger
measurement area requires a quadratic increase in the
experimental time.

RESULTS

To put this result in perspective, Fig. 3b is the simulation
result of a larger US field and Fig. 3c is the close up view
where the measurement was conducted. The white circle has
a radius of 1 mm and represents the vagus nerve. The red dot
are where the 48 CMUTSs were positioned.

From both the simulations and the experiments, the focal
area is elongated in the vertical direction because the 48
CMUT transducers were aligned at the bottom of the half-
cylinder. An interference pattern can also be seen, radiating
outwards from the US transducer. This is because the US

transducers were stimulated at the same amplitude. The focal
area size from the experiment was 6.50x10* um2. Assuming
that the vagus nerve has a diameter of 2 mm, the ratio between
the focal area to the cross section of the vagus nerve was 2.1 %
from the experiment. This was larger than the simulation result
as can be seen by comparing Fig. 3a and Fig. 3c. One possible
reason for this is that the measured sample was tilted.

The spatial peak pulse average intensity (Isppa) of US can
be calculated by the following equation,
I — Pp?eak
SPPA ZZO

where, Z, is the acoustic impedance of the medium (Z, =
1.5x10° kg/m?/s for water). Based on this equation, lsppa Was
3.2 W/cm?, The mechanical index (MI) is a figure of merit that
describes the acoustic force of the US [17]. This value
increases as the pressure increases and decreases with
frequency. In this research, MI was 0.078.

1V. DISCUSSION

To our knowledge, in-vivo experiments that uses an
acoustic frequency of 15 MHz to stimulate a neuron has not
yet been conducted. Furthermore, it is not clear at which
intensity or amplitude is required to stimulate a nerve at this
frequency. Nonetheless, G. F. Li et al. stimulated a mouse
brain at 5 MHz with an intensity of 210 mW/cm? [18] and M.
Menz et al. stimulated the retinal ganglion cell of a salamander
at 43 MHz with an intensity of 20 W/cm? [10]. Extrapolating
from these results it is expected that an intensity of several
Wi/cm? will be required at 15 MHz. Thus, the intensity from
this research (3.2 W/cm?) will likely to be sufficient. This must
be verified with additional in-vivo experiments.

Considering the safety of US stimulation, the U.S. Food and
Drug Administration (FDA) allows Isppa < 190 W/cm? for
diagnostic US imaging [17]. This threshold intensity is
relatively high and is higher than what was observed during
our experiment. Meanwhile, the average intensity needs to be
limited to 720 mW/cm?; also defined by the FDA, to avoid
temperature induced tissue damage. Both conditions can be
met by using an US waveform with an appropriate duty cycle.
Another mechanism that may cause damage is cavitation.
Cavitation is a phenomenon when the US forms a gaseous
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Comparison of the experiment and the simulation. (a) The pressure profile measured using an optical fiber needle. (b) The simulation

result of the pressure profile. The white line shows the contour of the vagus nerve (¢ =2 mm) and the black contour line represents the -3 dB level. The
color bar shows the positive peak value of the pressure profile. The red dots represent the position of each CMUT element. (c) A close up image of (b)

also corresponding to the same location in (a).

body within the tissue and then collapses, creating a shock
wave that damages the surrounding tissues. FDA defines that
the MI should be less than 1.9 to avoid this effect. The Ml
observed in this research was 0.078, which is much lower than
the safety limit. For the safe application of US nerve
stimulation, the amplitude and the intensity of the US that was
observed in this research should not be dangerous.

Considering the encapsulation of the device, an US
stimulator has a clear advantage over an electrical stimulator.
An US stimulator can be entirely encapsulated with a coating,
while an electrical stimulator have electrodes that need to be
exposed to the body fluid. This creates a complex interface
near the electrode that is prone to failure. However, this
advantage for an US stimulator has a disadvantage that an US
stimulator cannot record any electrical activity from the nerve.
Therefore, these devices should complement each other.

Finally, we simplified a nerve by representing it with water.
The sound velocity of a nerve is slightly higher than water so
we can expect the focal area to become slightly larger. That
being said, in reality the nerve will have capillary blood
vessels, myelin sheath and other structures which will create
multiple boundaries with different acoustic properties, hence,
overall a more complex response is expected. This will be
investigated in the next step.
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Schlieren visualization of focused ultrasound beam steering for
spatially specific stimulation of the vagus nerve

S. Kawasaki, E. Dijkema, M. Saccher, V. Giagka, J.J.H.B. Schleipen and R. Dekker

Abstract— In the bioelectronic medicine field, vagus nerve
stimulation (VNS) is a promising technique that is expected to
treat numerous inflammatory conditions, in addition to the
currently FDA approved treatment for epilepsy, depression and
obesity [1]. However, current VNS techniques are still limited in
the spatial resolution that they can achieve, which limits its
therapeutic effect and induces side effects such as coughing,
headache and throat pain.

In our prior work, we presented a curved ultrasound (US)
transducer array with a diameter of 2 mm and with 112
miniature US transducer elements, small enough to be wrapped
around the vagus nerve for precise ultrasound nerve stimulation
[2]. Due to the curved alignment of the US transducers with 48
of the elements simultaneously excited, the emitted US was
naturally focused at the center of the curvature. Building on this
work, we employ a beam steering technique to move the focal
spot to arbitrary locations within the focal plane of the
transducer array. The beam steering was controlled through an
in-house built US driver system and was visualized using a
pulsed laser schlieren system. The propagation of the US pulse
in water was imaged and recorded. This method was found to be
a rapid and effective means of visualizing the US propagation.

I. INTRODUCTION

Vagus nerve is the tenth cranial nerve and has projections
to many of the visceral organs. It serves as a bidirectional link
between the brain and the body. Currently FDA approved
vagus nerve stimulators are used to treat depression, epilepsy,
cluster headache and obesity. Recent developments in the
bioelectronic medicine field have shown that vagus nerve
stimulation (VNS) is also effective in treating inflammatory
related diseases such as rheumatoid arthritis, and inflammatory
bowel disease by decreasing the production of pro-
inflammatory cytokines such as TNFa [1]. However, VNS
suffers from side effects such as coughing, headache and throat
pain due to its off-target stimulation. Thus, a stimulation
technique with higher specificity is needed [3].

From a device fabrication perspective, researchers have
worked on cuff electrodes with multiple channels to accurately
localize the electrical current to achieve higher specificity [4].
However, this remains to be a challenge since the thicker
myelinated A fibers tend to be stimulated an order of
magnitude more easily than the thinner unmyelinated C fibers.
To further increase the stimulation specificity, A. Ghazavi et
al. created 20 um wide shank-structures which have multiple
electrodes on the surface that can be pierced into the nerve to
provide localized electrical stimulation [5]. Although this was
successful in rodent models, it is still an open question whether
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Netherlands (corresponding author e-mail:

such an invasive technique can be safely used for human vagus
nerve stimulation in the long run.

By taking into account the anatomy of the vagus nerve,
some researchers stimulated the vagus nerve at locations near
the end organ where it is expected that the off-target effect can
be reduced [6]. Unfortunately, at these deeper locations the
implantation of devices is more difficult due to its limited
space and lack of suitable anchor points. For a less invasive
approach, V. Cotero et al. used ultrasound (US) stimulation to
achieve stimulation of these nerves near the end organ. In their
work, they applied transcutaneous low intensity US (290.4
mW/cm?) at the vagus nerve innervation within the spleen and
modulated the anti-inflammatory pathway [7]. Furthermore,
they showed that it is possible to achieve selectivity by
stimulating the vagus nerve innervation within the liver to
modulate the hepatic pathway. However, the direct
consequence of stimulating the vagus nerve near the end
organ, either electrically or ultrasonically, is that the
simultaneous access to other vagus nerve branches becomes
limited. For example, in case of electrical stimulators targeting
different nerves, multiple implants are required, and for US
stimulation, the US transducer outside of the body must be
manually repositioned each time the targeted nerve is changed.
Therefore, there is still a competing interest to keep the
stimulus at the cervical level where all the nerve fibers are
accessible.

In our prior work, we presented a highly miniaturized US
cuff device [2]. This US cuff device is made of an array of 112
MEMS US transducer elements that is curved into a 2 mm
diameter half cylinder. The acoustic frequency was 15 MHz to
achieve high spatial resolution, and the US cuff was able to
transmit a spatial peak average intensity (Isepa) of 3.2 W/cm?.
We hypothesized that such a device wrapped around the
cervical vagus nerve can stimulate it at the neuronal to
fascicular level.

In this paper, we demonstrate the US beam steering by
using a custom-built 32-channel US driver system. For
verifying the US field, an optical setup called the pulsed laser
schlieren system was built to visualize the US propagation [8].
Schlieren optics is a useful tool to visualize the change in the
refractive index in a transparent medium upon US
propagation. This schlieren imaging technology has found a
variety of applications for ballistics, air flows and acoustic
waves visualizations, and this is the first time it is used in the
US neuromodulation field. The advantage of using schlieren
techniques in comparison to a hydrophone is that the US field

shinnosuke.kawasaki@philips.com). V. Giagka is also with Fraunhofer
Institute for Reliability and Microintegration IZM, Berlin, Germany. J.J.H.B.
Schleipen and R. Dekker are with Philips Research, Eindhoven.



can be imaged simultaneously along with the US cuff device.
Furthermore, the US field will not be altered by the
hydrophone tip. Finally, it may allow opportunities to combine
fluorescent imaging of action potentials with simultaneous US
imaging.

II. MATERIALS AND METHODS

In this work, a Capacitive Micromachined Ultrasonic
Transducer (CMUT) was used to generate the US. The CMUT
device is a capacitor cell which consists of two circular flat
electrodes separated by a vacuum gap. One of the electrodes is
a fixed bottom membrane on a silicon substrate and the other
electrode is a movable top membrane that is facing the
medium. By applying an AC voltage at US frequencies, the
electrical field actuates the top membrane and US is
transmitted into the medium. The CMUT devices used in this
research have a diameter of 25 um, and 24 CMUT devices
were connected in parallel to form a single line which will be
referred to as a CMUT element. Figure 1 shows the US cuff
assembled on a PCB. The US cuff has 112 CMUT elements
aligned in a 2 mm diameter half circle. The CMUT elements
are connected to the bondpad via aluminum interconnects
encapsulated in polyimide. The bondpad region is connected
to a PCB via wirebonding.

_. schlieren
~ laser beam

CMUT

wirebond &
masterbond

Fig. 1. CMUT sample that was used for the experiment. In order to have a
clear optical path through the US field, the position of the bond pad was
designed to be 1.6 mm lower than the position of the CMUT. This kept the
added height of the wirebond and the masterbond to be slightly lower than
the CMUT array.

A. Pulsed laser Schlieren System

Figure 2 shows the pulsed laser schlieren system. The light
of a red laser diode (SANYO DL-6147-240) is focused onto a
20 pm diameter pinhole using a microscope lens for spatial
filtering and subsequent aberration reduction. The diverging
laser beam is collimated using a collimating lens with a focal
length of 200 mm. Next, the parallel beam travels through the
water tank, after which it is focused by a 200 mm focusing lens
onto a 10 um diameter chromium mirror, blocking the main
non-aberrated laser beam. Therefore, in the initial state, the
camera (UEYE), that is positioned behind the mirrorstop, will

Focusing lens

Camera

Light stop

Water bath

Ultrasound

capture a pitch-black image. The combination of a camera
objective lens and laser focusing lens provides a sharp image
of the plane of US propagation onto the camera image sensor.

When a CMUT array is positioned within the water tank,
the US field results in a modulation of the refractive index of
water and diffracts part of the light to go beyond the
obstructing mirror, which will subsequently be captured by the
camera. An US signal with an acoustic frequency of 14.3 MHz
was generated in bursts of 15 cycles at a pulse repetition
frequency of 3 kHz. For each generated US burst, a waveform
generator (Agilent 3295A) was triggered to generate a 100 ns
pulse to drive the laser diode. The delay time between the US
burst and the laser pulse was incrementally increased from 0
us to 3.35 ps in 100 ns steps. Due to the stroboscopic effect,
the camera visualizes the US as slowly moving waves through
the water. The US and laser/imaging setup have been
synchronized and controlled using Labview software. During
the actual measurements the ambient room light was turned
off.

To focus the US to a certain point within the curvature,
beam steering was used. The appropriate time delay for each
element was calculated as follows. The coordinate where we
would like to focus is defined as x. The distance from each
transducer element to the x is D; :

D; = |x- qil, i€[1,32]
where, qi is the coordinate of the individual 32 US
transducer elements. The time delay (T;) applied to each
element is given by,
_ D; —min(Dy)

T; v , i€[1,32]

where, v is the speed of US in water. The calculated value
is rounded to an integer multiple of 5 ns, which is the
resolution of the US driver system. The US driver used for this
work was an in-house built US driver system that is based on
the HV7351 chips (Microchips).

B. Simulation with FOCUS

The experiment was simulated with the Fast Object-
Oriented C++ US Simulator (FOCUS) [9]. In this simulation,
32 rectangular US transducer elements with a width of 25 um
and a length of 0.65 mm were arranged in a curved array like
the experiment. The medium used for the simulation was
water with a sound velocity of 1500 m/s. The US frequency
was 14.3 MHz, the number of cycles was 15, and the velocity
at which the US element vibrates was set to 1 m/s. The US
field was simulated using frequency domain simulation
assuming continuous wave of US with a phase delay. The
intensity of the US field was given by, I = P%/Z, where, 1 is
the intensity of the US field, P is the acoustic pressure and Zo

Collimating lens

Spatial filter Red laser diode

Fig. 2. Pulsed laser schlieren setup



is the characteristic acoustic impedance of water which is 1.5
MRayl. All simulation results were normalized by dividing
the US intensity by the maximum intensity within the same
figure.

C. Hydrophone measurement

A fiber optic hydrophone (Precision Acoustics) was used
to measure the US field. The tip of the hydrophone was
scanned horizontally for 1.6 mm and vertically for | mm from
the focal point. In total, 2091 measurements were taken for
obtaining a single US field profile. Since each measurement at
a certain coordinate took 6 seconds, the total time it took for
obtaining a single image was 3.5 hours. The amplitude of the
US signal used to drive the transducer elements had 35 V DC
bias voltage and an additional 25 V amplitude square wave at
14.3 MHz.

III. RESULT

Figure 3 shows several raw images obtained from the
camera. The semi-circular shape (red bold line) is where the
US cuff was positioned. The triangular shadow on both sides
of the US cuff is the epoxy that was used to glue the US cuff
to the PCB. The 32 CMUT elements that were actively driven
are circled with a dotted line. In the figure the US propagates
upwards focusing in the center of the US cuff. When the active
US elements were located near the center of the US cuff (top
row in figure 3), the US field focused in an elongated shape
with two prominent sidelobes. Meanwhile, when the active
elements were located near the edge of the US cuff (bottom
row in figure 3), the US field showed a clear interference
pattern. In this case, the distance between two neighboring
high intensity peaks at the center was measured to be 66 um.
This is nearly half the US wavelength of 52 pm, in
correspondence with what is expected for an interfering wave.
The small increase is due to the fact the US signals are slightly
tilted upwards.

The advantage of using the schlieren method is the fast
image acquisition speed. To demonstrate this, the focus
location was varied to 100 locations and a video was taken
sequentially one after another without any pause'. The total
duration to take the video was only 5 minutes. It is possible to
see that the video was taken in real time because particles

t=0.67 us t=1.34 us t=2.01us

Fig. 3. Snap shots of the US schlieren movie from left to right with the 32 US elements near the center
(top row) and 32 US transducers near the edge (bottom row)

" URL link to beam steering videos: https:/doi.org/10.34894/Y4FILA

floating in the liquid are moving continuously throughout the
video.

In figure 4, a single frame from the schlieren image at 2.01
us was converted to a heat map and was compared to the US
field measured with a hydrophone. In the schlieren image to
ignore excess noise floor, the normalized intensity beneath 0.7
was removed. In both the schlieren image and the hydrophone
measurement we see that the intensity of the left sidelobe is
slightly higher than the intensity of the right sidelobe. This is
due to the imperfect alignment of the transducers array during
the assembly process. Even with this rough image quality the
similarity between the hydrophone measurement and the US
visualization confirms that schlieren imaging can be
successfully used for fast US visualization.

To improve the image quality, another video was taken
with 34 ns time intervals between each image. The increased
number of frames helped to decrease the noise from dust
particles. A background subtraction technique was used to
remove the static parts of the image, such as scratches, and
shadows from the glue and the US cuff. Next, the intensity
profile of the US field was extracted by integrating it over the
entire US propagation. Figure 5 shows the result of the
simulation on the left and the integrated schlieren image on the
right. In order to facilitate the comparison between these
images, the images were cropped to the same size and aspect
ratio. In all images the US cuff is represented by a white line.
Clearly the direction of the US matches very well the
simulated results. We also see that as the US focus is further
from the US transducers, the US lobe size increases which is
consistent with the simulation result.

The peak negative acoustic pressure measured at the center
of the focus was 1.7 MPa. The spatial peak temporal average
intensity that could currently be achieved with the US driver
system was 6.5 W/cm? with 90 kHz pulse repetition frequency
and 15 cycles per each burst. The mechanical index was 1.4
which is lower than the limit defined for US imaging
applications by the FDA (<1.9). At the moment, we believe
that this intensity should be sufficient to stimulate the nerve
according to prior work [7]. However, it is still not clear since
the higher acoustic frequency will likely have a higher
stimulation threshold levels to stimulate the neurons.

Normalized Intensity

—
0.5 mm

0.4

Normalized Intensity

—
0.5 mm

t=2.68 us
Fig. 4. (a) Schlieren image intensity profile
and (b) hydrophone measured intensity profile



Intensity Profile Intensity Profile

Normalized Intensity Normalized Intensity Normalized Intensity

Normalized Intensity

1
08
06
04
02
0

0.5 o 05
X [mm]

X [mm]

Fig. 5. US field comparison between simulation (left) and schlieren (right)

IV. DISCUSSION AND CONCLUSION

In this work, beam steering of the ultrasonic field produced
by an US cuff was demonstrated using the pulsed laser
schlieren setup. Schlieren imaging allowed faster US
visualization (few minutes) compared to hydrophone
measurement (few hours). In addition, once the system is up
and running it took less time to observe the US field even
compared to simulating it with FOCUS where it took tens of
seconds to simulate a single frame with enough resolution.

However, schlieren imaging does not produce an absolute
measurement of the US field, so it should be used as a
complementary technique to hydrophone measurements. Yet
it is possible to calibrate the system for a limited range of
pressures [10]. For calibration, the key parameters that need
to be determined are the exposure time, the pulse repetition
frequency and the laser intensity. Although a wide range of
US intensity could be visualized, the dynamic range for a
specifically calibrated range, spans to only one order of
magnitude as shown in the linear scale used in Figure 4 and
5. Finally, due to the optics that it requires, it would not be
feasible to integrate this technology for in-vivo experiments.
Meanwhile, experiment which are done in an ex-vivo setup
may allow for the schlieren setup to be integrated.

In conclusion, further miniaturized US transducers with
varying size and shapes will be available in the future. This

will increase the complexity of the ultrasound field that will
be used for US neuromodulation. Thus, visualizing the
relative intensity of the US field with a schlieren setup would
give an intuitive feedback to check if the US system is
working properly. This would clarify a lot of the ambiguity
within the works that are done in US neuromodulation and
greatly facilitate the research in this field.
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ULTRASOUND HARDWARE AND
SOFTWARE

C.1. PZT

The PZT devices used in this work were immersion transducers ordered from Olym-
pus. Four frequencies (1 MHz (V303-SU-F0.6IN-PTF), 5 MHz(V310=N-SU-F-0.45-IN-
PTFImmTr), 10 MHz(V312-SU-F0.5IN-PTF) and 20 MHz(V317-SU-FO0..50IN-PTF)) were
used which all had a focal distance of 15 mm. These PZT devices are typically more ro-
bust than CMUTs and were used as a backup in case the CMUT did not work. These
devices were driven using an RF amplifier controlled by a signal generator.

C.2. 32 CHANNEL ULTRASOUND DRIVER

The 32 channel ultrasound drier is an in-house built ultrasound driver system. They have
been built based on the HV7351 chips (Microchip). It can generate a phase-controlled
ultrasound signal with a 5 ns resolution. Fig. C.1 is the circuit diagram to drive a single
CMUT element in the WUP system. To drive the CMUT, a MOSFET is connected to either
the Vpos, Vneg or GND. For a simplified representation, the MOSFET is replaced with a
switch in the figure. By alternating between one of the three states, a voltage is applied to
the CMUT. A current limiting resistor of 32 Q is used to deal with unwanted short circuits
and a decoupling capacitor of 47 nF is used to block the bias voltage. Since CMUTs re-
quire a bias voltage, this can either be supplied to the CMUT via a 1 MQ resistor through

129



130 C. ULTRASOUND HARDWARE AND SOFTWARE

the WUP system or through an external connection. With this circuit, most of the power
is consumed by the inverter’s large gate capacitance that needs to be charged and dis-
charged for switching on and off and thus this circuit it self is not so efficient but will be

fine for this work.

Vpos Vbias

HV7351 \

| aTnF
%7_ /—[::_ 2 cmuT
\; ™
4TnF l

I

Figure C.1: WUP system circuit diagram for a single channel

A picture of the board from above is shown in Fig. C.2. The main functionality of the
board is highlighted and is indicated with an arrow. The teensy 3.6 microcontroller is
used to define the ultrasound parameters; ultrasound frequency, phase delay, polarity,
amplitude, bias voltage, cycle number, burst rate, triggering condition(external or inter-
nal). If the trigger is set to external, the SMA connector to the left of the board can be used
as the trigger signal input. The positive and negative rail voltage and the bias voltage is
generated on this board through the buck boost converter circuitry at the bottom left of
the figure. The internally generated voltage is available at the box header connector as
Vpos internal, Vneg internal, and Vbias internal. The voltage then can be connected to
four US driver chips on the right of the figure by shunting some pins on the box header
using a shunt pin. Thus, this allows full control of the ultrasound parameters. However,
later it was found that the buck boost converter creates considerable ripple noise that
can be detected in the electrical recording setup. Therefore, this internal voltage gener-
ator was usually turned off and an external voltage was used for the experiment which
had a much lower ripple. Finally, since the flexible CMUTs used for the experiment has
48 independently controllable ultrasound transducer elements if the output pressure is
not sufficient with 32-channels, two WUP systems could be connected in parallel by trig-
gering both boards through the external trigger signal (dual WUP board).

there is a hard limit on the maximum frequency that could be generated determined
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Teensy 3.6 US driver chip HV7351
Microcontroller 8x4 = 32 channels

PHILIPS 870
WUP V2

Trigger signal
input - d

Buck boost
converter

Vpos Vi
05
Internal ® o P
GND
Vneg
Internal . e > Vneg
Vbias
LN - > i
Internal > Vbias

Figure C.2: WUP board seen from above.

by the cable length from the ultrasound transducer to the transmitter chip. A rough
calculation can be made as follows. Assuming that a typical CMUT element has a ca-
pacitance of about 80 pE and the track inductance is 1 pH/m (typical for a coax), the
resonance frequency between the track inductance of 30 cm (nominal length of the PCB
tracks) and the CMUT will be,

1

= =32MHz (C.1)
Fres 2m/80pF-1uH/m-30cm

This implies that the cable and the CMUT will resonate at this frequency. In reality,
the applied signal will begin to see overshoot and considerable ringing could be seen
already at 15 MHz Ideally an ASIC should be assembled close enough to the CMUT so
that the effect of cable inductance could be neglected. However, this was not possible

for the scope of this work for two reason. First there was no suitable ASIC to drive the
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CMUT and second the ultrasound driver kit does not allow higher frequencies than 15
MHz.

C.3. SOFTWARE

Fig. C.3 is a screenshot of the developed GUI. The three peripheral components could
be controlled through this interface which are the ultrasound stimulator, the electrical
stimulator and the recording setup. The GUI was all created using the python tkinter
package'. On the upper left panel is where the system parameters are defined. This
includes basic information such as where and which CMUT, WUP board, PZT is being
used. To the right of this panel is the mode selection. In this section the setup could
choose between 5 different modes; 1) ultrasound stimulation with PZT, 2) ultrasound
stimulation with CMUT, 3) simultaneous electrical and PZT ultrasound stimulation 4)
simultaneous electrical and CMUT ultrasound stimulation 5) electrical stimulation. The
bottom part is divided to the control of the CMUT ultrasound parameter on the left side
and the control of the electrical stimulation parameter on the right top and and the con-
trol of the PZT ultrasound stimulation on the right bottom side. The bar graph beneath
it shows the delays which are applied to the 48 elements and the red color and the yellow
color identifies which WUP board is used to drive each elements. Since it is important to
know what the acoustic pressure is being outputted, a calibration curve is taken for each
tranducer and is referred to when the appropriate transducer is selected from the GUI
interface. Finally, after each stimulation a pop up window (see Fig. C.4) shows up asking
the users comment about how the stimulation went.

There are two ways of interacting with the software, either by clicking through the
desired parameters manually using the controller bar, or by defining preset stimulation
patterns and by running through each parameter automatically during the experiment.
The latter is preferred because it provides the possibility of evaluating a broader range of
parameters in different combinations without the interference of the human. Moreover,
for the experiments where excised nerves are used, these have to be conducted during a
limited amount of time, during which the viability of the nerve is still present. Therefore,

it was preferred to think of a list of parameters before the experiment.

lLundh, E (1999). An introduction to tkinter. URL: Www. Pythonware.
Com/Library/Tkinter/Introduction/Index. Htm.
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Figure C.3: GUI for controlling the ultrasound and electrical stimulator.
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