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Abstract

In acoustofluidic devices, sound waves are used to enable the manipulation of small par-
ticles suspended in a fluid and the fluid itself. The resulting particle motion due to an
acoustic field is called acoustophoresis. Acoustophoresis can be utilized in many biomedical
applications for contact- and label-free cell handling. Being able to perform acoustophore-
sis in polymer-based chips is highly desirable due to the low associated fabrication cost
of such chips. Polymer devices can be manufactured using injection molding for a much
lower cost than conventional glass- or silicon-based devices. With this goal in mind, we
explore and quantify the performance of an acoustophoresis device made from the polymer
PMMA. The experimental results are compared to numerical results to establish a feed-
back loop between simulations and experiments. In an initial validation study, the need
for more accurate and precise material parameters is identified as the bottleneck in per-
forming reliable numerical optimization of polymer chips. Many conventional techniques
that characterize the acoustic properties of a polymer are very costly and time-consuming.
Furthermore, they often rely on a static or low-frequency measurement of the properties,
in contrast to the required material parameters measured in the MHz region. This lack
of suitable measurement methods led to the development of a novel technique labeled
ultrasound electrical impedance spectroscopy (UEIS). This novel method enables to ob-
tain material parameters for the piezoelectric transducer, the glue layer, and the polymer
chip based on a simple measurement of the electrical impedance spectrum and an inverse
numerical fitting approach. Different validation measurements have verified the UEIS
technique to ensure the correctness of the method, as is discussed in detail within this
thesis. Utilizing the UEIS technique, the properties of several materials have been mea-
sured, and the corresponding values have been used to perform numerical simulations
and optimize acoustofluidic devices. We also explore some experimental challenges in
this work and compare the performance of acoustofluidic devices under different electrical
excitation methods. We find that constant-power excitation might be advantageous in
frequency sweeps when attempting to find the most power-efficient frequency. Combining
all the lessons learned on polymer-device performance, material parameter measurement
using the UEIS method, and experimental considerations such as constant-power excita-
tion, we perform optimization of an acoustophoresis device. The optimization result is a
device geometry based on the polymer COC that promises to achieve more than an or-
der of magnitude increase in the acoustophoresis performance compared to the reference
geometry.
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Resumé

I akustofluidiske enheder anvendes lydbglger til at manipulere sma partikler, der er sus-
penderet i en vaeske, og selve vaesken. Den resulterende partikelbeveegelse som fglge af
et akustisk felt kaldes akustoforese. Akustoforese kan bruges i mange biomedicinske an-
vendelser til kontakt- og etiketfri cellehandtering. Det er fordelagtigt at kunne udfere
akustoforese i polymerbaserede chips grundet de lave fremstillingsomkostninger, der er for-
bundet med sadanne chips. Polymerenheder kan fremstilles ved hjaelp af sprgjtestgbning
til en meget lavere pris end konventionelle glas- eller siliciumbaserede enheder. Med dette
mal for gje, undersgger og kvantificerer vi ydeevnen af en akustoforeseenhed fremstillet
af polymeren PMMA. De eksperimentelle resultater sammenlignes med numeriske resul-
tater for at etablere et feedbackloop mellem simuleringer og eksperimenter. I en indle-
dende valideringsundersggelse identificeres behovet for mere ngjagtige og preecise materi-
aleparametre som er flaskehalsen for at udfgre palidelig numerisk optimering af polymer-
chips. Mange konventionelle teknikker til karakterisering af polymerens akustiske egen-
skaber er meget dyre og tidskraevende. Desuden er de ofte baseret pa en statisk eller
lavfrekvent maling af egenskaberne i modsaetning til de ngdvendige materialeparametre,
der males i MHz-omradet. Denne mangel pa egnede malemetoder forte til udvikling af
en ny teknik med betegnelsen ultralyd elektrisk impedansspektroskopi (UEIS). Denne nye
metode ggr det muligt at opna materialeparametre for den piezoelektriske transducer, lim-
laget og polymerchippen pa grundlag af en simpel maling af det elektriske impedansspek-
trum og en omvendt numerisk tilpasning. Forskellige valideringsmalinger har verificeret
UEIS-teknikken for at sikre metodens korrekthed, hvilket diskuteres i detaljer i denne
afhandling. Ved hjelp af UEIS-teknikken er egenskaberne for flere materialer blevet malt,
og de tilsvarende veerdier er blevet brugt til at udfgre numeriske simuleringer og optimere
akustofluidiske enheder. Vi undersgger ogsa nogle eksperimentelle udfordringer i dette
arbejde og sammenligner akustofluidiske enheders ydeevne under forskellige elektriske ex-
citationsmetoder. Vi finder, at excitation med konstant effekt kan veere fordelagtig i
frekvenssggninger, nar vi forsgger at finde den mest energieffektive frekvens. Ved at kom-
binere alle de fundne erfaringer om polymerenhedens ydeevne, maling af materialeparame-
tre ved hjzelp af UEIS-metoden og eksperimentelle overvejelser, som f.eks. excitation med
konstant effekt-energitilforsel, udfgrer vi optimering af en akustoforeseenhed. Resultatet
af optimeringen er en enhedsgeometri baseret pa polymeren COC, som lover at opna en
forbedring pa mere end en stgrrelsesorden i akustoforesepraestationen sammenlignet med
referencegeometrien.
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Chapter 1

Introduction

This chapter starts with a general introduction to the field of acoustofluidics before giving
an overview of the start-of-the-art in polymer-based acoustofluidics. The structure of the
thesis follows a feedback loop for the optimization of polymer devices based on the three
papers published in the context of this work. Finally, an outline of the thesis is presented
at the end of this introduction.

1.1 Introduction to acoustofluidics

Acoustofluidic devices utilize acoustic waves in order to manipulate small particles and flu-
ids. Piezoelectric transducers are commonly used to generate the required acoustic waves
with frequencies ranging from kHz [4] to GHz [5]. Depending on the fluid medium, this
leads to acoustic waves with wavelengths of several micrometers to a few centimeters. For
biomedical applications, channels with dimensions in the order of a few 100 pm are bene-
ficial, where only small fluid sample volumes are required, and pm-sized particles can be
easily processed. Microfluidic channels furthermore have the advantage that they can be
co-integrated with various analysis steps on a single lab-on-a-chip platform. Such a plat-
form is sometimes labeled a total analysis system (TAS). The combination of ultrasound
acoustics with microfluidics allows shrinking the analysis systems’ space requirements from
meters to micrometers, turning the TAS into a micro total analysis system (nTAS).

The field of acoustofluidics already has generated a broad spectrum of applications such
as mixing [6, 7], and purification [8] of fluids, as well as trapping [9, 10], and separation
of particles [11-13] inside those fluids. One crucial example of particle separation is the
separation of blood cells from blood plasma in whole blood. This step is a common
requirement for many biomedical analysis tasks to study different biomarkers inside the
blood plasma. In the conventional approach, blood plasma separation is done through
blood centrifugation and requires a dedicated processing task. Alternative solutions to
centrifugation are required when aiming to integrate the blood separation process into a
nTAS. Acoustofluidic technologies are a promising candidate for developing point-of-care
devices requiring blood plasma separation.



2 INTRODUCTION

The two fundamental forces in the field of acoustofluidics are the acoustic radiation
force and the drag force. The acoustic radiation force results from the transferred mo-
mentum of an acoustic wave scattering of a particle inside a fluid. The acoustic drag force
stems from the time-averaged acoustic streaming velocity, which is caused by the viscous
effects of the fluid. For larger particles of the size of red blood cells, ranging from 5 to
10 pm, the radiation force is typically the dominating force, and effects due to acoustic
streaming only become important for much smaller particle radii.

Acoustofluidic systems are slowly but steadily maturing to a point where applications
can enter the market [14]. The underlying theory has been developed to an extent where
numerical simulations can aid the numerical optimization of devices [15, 16]. At the same
time, there is rapid progress in the field of 3D printing for applications in microfluidics
[17]. Digital Light Processing (DLP) 3D printers, with resolutions as low as 1 pm, open up
possibilities for 3D-printed acoustofluidic devices. Techniques, such as (micro)-injection
molding, promise a dramatic reduction in the fabrication cost compared to usual clean-
room processing techniques. Moreover, micro-milling machines are standard equipment
found in many microfluidics laboratories that can be used for device fabrication.

The fascination with using polymers as the basis for microfluidics experiments is ev-
ident, as such polymer devices are easy to fabricate and low in cost. For point-of-care
testing, cheap and, ideally, single-use devices are desirable because the risk of contamina-
tion is high when reusing acoustofluidic chips. In addition, the cost- and material effort
required to perform appropriate sterilization of glass-based chips may otherwise make
such testing non-viable in many environments. However, there are still some challenges
to solve to make polymer chips a viable platform not only for microfluidics but also for
acoustophoresis experiments.

1.2 State-of-the-art in polymer-based acoustofluidics

Depending on the fabrication technique, using polymers for acoustofluidic application
allows for great flexibility in the device design, short design-to-prototype times, and low
fabrication costs. Microfluidic channels that are 3D-printed or injection-molded allow a
higher design complexity compared to a typical device’s conventional rectangular channel
cross-section. Tubing connectors can be integrated into such a polymer design, and a
wide range of polymer materials are available. There, however, are a few challenges when
comparing polymer-based devices with glass chips: The acoustophoresis performance is
typically lower in polymer chips due to the high acoustic attenuation of polymers and
low acoustic contrast between fluid and channel walls. Furthermore, many polymers are
incompatible with chemicals such as ethanol, acetone, or isopropanol. Nevertheless, a few
polymers have a promising outlook within the field of acoustofluidics, such as cyclic olefin
copolymer (COC), showing good resistance to many of the abovementioned chemicals and
with comparatively low acoustic attenuation.
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In the following subsections, a look at the existing literature on polymer-based acoustoflu-
idic devices is taken, and the different approaches to designing effective devices are com-
pared. Several techniques for manufacturing polymer devices exist, the most prominent
ones being micro-milling, 3D printing, and injection molding. While an extensive range of
devices is manufactured from plastic using micro-milling or 3D printing, there is still only
a small number of papers that present all-polymer devices for acoustofluidic applications.
In many cases in the literature, only a tiny fraction of the acoustofluidic system consists
of a polymer, or the polymer acts as the frame holding stiffer materials in place.

1.2.1 Micro-milled devices

The group of Jason Fiering at the Draper labs started to explore acoustic manipulation
in thermoplastic microchannels in a paper published by Mueller et al. in 2013 [18]. In
the years from 2017 to 2019, further articles followed, exploring the use of micromachin-
ing for acoustofluidic polymer-based devices [11, 19-21]. The presented devices consist of
polystyrene (PS), selected due to a comparably low acoustic attenuation and higher acous-
tic impedance than many other polymers. Flow rates from 40 pL/min to 110 pL/min at
a power dissipation of 1 W were reported for the single-channel devices. A multi-channel
device was presented by Dubay et al. [21], achieving flow rates of up to 1 mL /min, albeit at
a much higher power dissipation of the system with up to 18 W. The design process used
by the Fiering group followed a 1D approach, taking the longitudinal speed of sound of
the solid and the fluid into account. In an experimental parametric study, the best devices
were identified. The authors, however, note that a better understanding of the mechanism
is required, and the found resonance frequencies were quite off from the expected values
used in the simplified 1D approach [18].

1.2.2 3D-printed devices

While 3D printing typically aids the design of acoustofluidic systems by either enabling the
quick production of molds for PDMS devices or acting as the sample holder, there is only
a limited range of fully 3D-printed, all-polymer devices used for acoustophoresis. In work
by Santos et al. [22], a 3D-printed cylindrical device forms the side walls of a fluid channel,
while the top and bottom of the channel consist of a piezoelectric transducer and a thin
glass slide. This cylindrical device successfully demonstrated the trapping of polystyrene
particles at voltages as low as V,,, = 4 V. Cesewski et al. [23] present an acoustofluidic
device with a fluid channel made from printed PDMS. Their approach utilizes the multi-
material printing of conductive silver electrodes, epoxy, and PDMS to fabricate devices
capable of acoustic particle manipulation in droplets and microchannels.

1.2.3 Multi-layer devices

Approaches, such as multi-layer devices, as presented by [12], consist of several polymer
sheets that are either laminated or glued together. This technique requires only relatively
low-cost equipment and is, therefore, a desirable candidate for polymer-devices fabrica-
tion. Gu et al. present acoustic separation at a sample throughput of 20 mL/min with
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an efficiency of 89% in removing blood cells. The voltage used during that study was
Vop = 45 V, however, at an unspecified power dissipation. A drawback of the foil-based
approach is typically the limitation in terms of the available thicknesses of the foils. Other
examples of lab-on-foil systems include an acoustofluidic micromixer and an acoustofluidic

micropump presented by Lin et al. [24, 25].

1.2.4 Injection-molded devices

The benefits of using the process of injection molding compared to the fabrication tech-
niques mentioned earlier are given in terms of very low sample-to-sample variability and
low costs in the case of high-batch fabrication. After the high initial cost required for mold
manufacturing, many samples can be produced quickly. Injection molding is, therefore,
the method of choice when industrializing the acoustofluidic chips. However, the draw-
backs are lower flexibility when producing different designs, as each requires a new master
mold. While injection molding enables fast and low-cost production, it does not necessar-
ily classify as a rapid-prototyping technology due to the associated time-consuming mold
development. To the author’s knowledge, no injection-molded acoustofluidic devices have
been reported in the literature so far.

1.3 Towards improved performance of polymer devices

In order to make polymer-based devices a viable alternative to glass and silicon devices in
acoustophoresis applications, a flow rate in the order of 1 L /h = 17 mL/min is desirable.
In addition, biomedical cell-separation applications, such as blood plasma separation, re-
quire short sample processing times to be a viable alternative to, e.g., centrifugation. A
solid understanding of the driving mechanisms for acoustophoresis is fundamental to im-
proving the performance of existing devices.

Moiseyenko and Bruus explored the driving mechanism of polymer-based acoustophore-
sis in 2019 [26] and labeled the corresponding mode whole-system ultrasound resonances
(WSUR). Contrary to bulk acoustic wave (BAW) and surface acoustic wave (SAW) de-
vices, the concept of WSUR extends the resonant mode of the device beyond the vibra-
tional mode of the channel and the transducer and takes the vibrations of the polymer
chip into account as well. While WSURs are not limited to exist in soft materials, such as
polymers, new challenges exist in developing a functioning polymer-based acoustofluidic
device. Perhaps the biggest challenge in obtaining a viable numerical prediction for the
performance of such a polymer device is the lack of accurate material parameters. Our
simulations require a good knowledge of the longitudinal and transverse speed of sound,
attenuation, and density of the polymer used. Furthermore, resonances in polymer de-
vices are not simply governed by the channel dimensions and the properties of the fluid.
Therefore, the resonant modes of the polymer chip and the piezoelectric transducer also
need to be considered.
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Figure 1.1: An overview of the feedback loop for the design of acoustophoresis devices
is shown. After introducing the fundamental theory of acoustofluidics, numerical simu-
lations are performed, and a device with the same parameters used in the simulation is
experimentally characterized. The experimental data can then be used to validate the
numerical model. The validated model allows performing device optimization to obtain
the final geometry of an optimized design.

1.4 Scope of this thesis

The work has been performed as part of the Eureka Eurostars-2 joint program AcouPlast,
a collaboration between the DTU departments DTU Physics and DTU Construct, Lund
University, and the companies AcouSort AB and Ortofon A/S. Members of the AcouPlast
project include Pelle Ohlsson (Senior Project Manager at AcouSort and Project Coordi-
nator of the AcouPlast project), Mathias Ohlin (Technology Manager at AcouSort), Per
Augustsson (Associate Professor at Lund University), Henrik Bruus (Professor at DTU
Physics), Guido Tosello (Associate Professor at DTU Construct), Matteo Calaon (Senior
researcher at DTU Construct), Komeil Saeedabadi (Ph.D. student at DTU Construct),
and Bo Christian Nielsen (Project Manager at Ortofon).

The goal of the AcouPlast project is to accelerate the development of polymer acoustoflu-
idics chips for blood plasma separation to enable point-of-care diagnostics. This collab-
oration between experts on the theoretical, numerical, and experimental background of
acoustofluidics and experts on the fabrication of polymer devices has opened up the unique
opportunity to perform a complete feedback loop from polymer device design, validation,
and optimization to experimental characterization.

The scope of this thesis has been to establish and complete such a feedback loop leading
to an improved polymer chip design. A schematic of such a feedback loop is shown in
Fig. 1.1. After introducing the ground-laying theoretical concepts, a numerical model is
implemented to simulate the device’s performance. Afterward, the simulated device is
characterized experimentally, and the numerical results are compared to the measurement
results. Finally, the numerical model is refined based on the experimental findings and
aids in optimizing an improved final polymer-chip design. The structure of this thesis
follows this feedback loop, where each chapter relates to one step in the procedure.

In this context it has been crucial to identify and to overcome some of the challenges
related to the validation of the numerical model and the optimization of polymer-based
acoustofluidics. The key challenges and the contributions of this work on how to overcome
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those challenges are summarized below:

(1)

1.5

Ensuring the validity of the numerical model (Paper I [1])

The comparison of numerical and experimental results of a polymer-based acoustoflu-
idic device acts as the baseline for further device development and improvement of a
polymer chip for particle separation. The work of Paper I [1] allowed the validation
of the WSUR model [26] and to identify the driving mechanism of acoustophoresis in
polymer devices. In addition, the quantitative comparison between the experimental
and numerical device performance helped to identify the lack of accurate and precise
material parameters for polymer chips as a bottleneck of the numerical simulation.

Obtaining accurate material parameters of polymers (Paper II [2])

In order to obtain an accurate and complete set of material properties of polymers
that can be used in the numerical simulation, a new measurement technique has
been co-developed with my colleague William Naundrup Bodé by extending con-
cepts introduced in Refs. [27-31]. This approach is based on a measurement of the
electrical impedance spectrum of a polymer-loaded piezoelectric transducer. The
technique allows obtaining the material properties of the piezoelectric transducer,
coupling layer, and polymer chip by fitting a numerically obtained impedance spec-
trum to the measured spectrum. The technique was named ultrasound electrical
impedance spectroscopy (UEIS) and has been used to characterize several materials
used throughout this thesis.

Establishing a standard for the electrical excitation method (Paper III [3])
The lack of standardization in the field of acoustofluidics has been identified as
one of the significant challenges when comparing device performance by Rufo et al.
[14]. The electrical excitation voltage and power are crucial when comparing device
performance over a wider frequency range, and monitoring those quantities during
a frequency sweep is essential. The lack of standardization led to a study comparing
constant-voltage and constant-power excitation, with the conclusion that keeping
the power dissipation in the transducer at a constant level might be the beneficial
approach in experimental studies, as well as in numerical optimization.

Structure of the thesis

This thesis is based on the results, which are presented in Paper I [1], Paper II [2], and
Paper IIT [3]. In order to give sufficient context for the understanding of the three papers,
a theory chapter summarizes the underlying theory, which has been used to implement
the numerical model. Additionally, a chapter highlighting some of the experimental con-
siderations and observations is included, before in Chapter 5, Chapter 6, and Chapter 7
the core results of this thesis are presented and put into context with the whole body
of this work. Each of the scientific papers is included in the corresponding chapter. A
summary of the main findings of the papers is given in the respective chapters. However,
the reader of this thesis is nevertheless encouraged to read the included papers, as the
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summary only restates the core findings. Finally, in Chapter 8, before concluding the
thesis, the results and lessons learned from the three presented papers are connected by
performing numerical optimization of a polymer-based acoustofluidic device. Below is an
overview of the contents of all chapters of the thesis.

Chapter 1: Introduction — An introduction to acoustofluidics and the state-of-the-art
in polymer-based acoustofluidics is given. The scope and the structure of the thesis are
outlined.

Chapter 2: Theoretical foundation — A brief recapitulation of the underlying theory
governing acoustofluidics, solid mechanics, and the piezoelectric coupling of mechanical
and electrical fields are presented.

Chapter 3: Simulation of acoustofluidic systems — The numerical model, its imple-
mentation using the software COMSOL Multiphysics, and the necessary boundary condi-
tions are detailed. The chapter concludes with an overview of different validation methods
of the numerical simulations.

Chapter 4: Experimental aspects of acoustofluidic systems — A typical setup to
characterize the performance of an acoustofluidic device is described in this chapter. In
that scope, a few experimental considerations regarding some electrical characteristics are
investigated: transducer properties, impedance matching, and split-electrode designs will
be compared. Different device types, such as trapping compared to focusing chips and
devices obtained following 1D-design rules, are presented.

Chapter 5: Validation study of a polymer-based acoustofluidic device — The
thoughts and motivation behind Paper I [1] on the experimental and numerical validation
of a polymer-based acoustofluidic chip are discussed. The concept of transverse resonances
in polymer chips is explored in this context.

Chapter 6: Ultrasound electrical impedance spectroscopy — The results of Pa-
per II [2] on the measurements of mechanical material parameters are discussed in this
chapter. This paper was written in collaboration with my colleague William Naundrup
Bodé with shared first-authorship and was the logical consequence of the findings in Pa-
per I [1]. Previously the availability of material parameters and characterization methods
for our numerical predictions was deemed insufficient. However, the development of an
improved method, titled ultrasound electrical impedance spectroscopy (UEIS), allowed
the characterization of several polymers used in a later optimization study. The UEIS
technique is explained in this chapter.

Chapter 7: Constant-power versus constant-voltage excitation — The details
of the study comparing different electrical excitation methods for acoustofluidic devices,
constituting Paper III [3], are given. Acoustophoretic particle focusing is compared in
the three cases of constant transducer voltage, constant transducer power dissipation, and
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constant input voltage to the amplifier. The chapter furthermore explains the excitation
method’s relevance for optimizing polymer devices.

Chapter 8: Numerical optimization of polymer-based devices — In this chapter,
the lessons learned from Paper I [1], Paper II [2], and Paper III [3] are combined and ap-
plied in order to obtain an improved polymer device for acoustophoresis applications. A
numerical routine is presented, and the resulting dimensions and performance metrics are
listed and compared to a reference geometry. This chapter contains unpublished numerical
results and — given the time constraints of the Ph.D. project — still needs experimental
validation. The project partners are currently fabricating the suggested device design.

Chapter 9: Conclusion and outlook — The thesis concludes with a summary and
outlook on the future perspective of polymer-based acoustofluidic devices.



Chapter 2

Theoretical foundation

In this chapter, the theoretical framework will be introduced, which is necessary for the un-
derstanding of the following chapters. We typically study microfluidic channels embedded
in a microfluidic chip driven by a bulk-acoustic piezoelectric transducer. The theoretical
building blocks necessary to model such a system consist of

e Fluid dynamics, describing the propagation of pressure- and velocity-fields inside a
microfluidic channel,

e Solid mechanics, describing the deformation of all solid materials, such as the mi-
crofluidic chip, but also the coupling layer and the mechanical deformation of the
transducer,

e Piezoelectric coupling, describing how the stress and strain inside piezoelectric ma-
terials are coupled to the electric displacement field.

We will start introducing the theory relevant to acoustofluidics in the fluid domain.
Then, the other system domains, namely the solid-mechanic and piezoelectric domains, will
be introduced in the following sections. Finally, the chapter concludes with an overview
of the necessary boundary conditions used throughout this work, and equations for the
power dissipation in the different domains of the system are given.

In this chapter, we follow the theory presented in the previous work of Refs. [1, 3, 32-34]
and describe the effective-boundary-layer theory derived by Bach and Bruus [35]. Thermal
effects are neglected throughout this work, as the devices are kept at a constant temper-
ature using a Peltier-element feedback loop, or the piezoelectric transducer is excited at
sufficiently low powers where heating is assumed to be negligible. Therefore, all processes
are assumed to be isentropic. The reader shall be referred to recent work by Karlsen et al.
and Jgrgensen et al. [36-39] if the impact of thermal effects is of interest.

2.1 Acoustics in fluids

We consider a compressible fluid with a local mass density p(r,t) and velocity o(r,t). The
tilde symbol is used to distinguish time-dependent fields A(r,t) from time-independent

9
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fields A(r). Explicit reference to the position and time dependence of the fields will be
omitted henceforth to avoid cumbersome notation. From the fundamental conservation
laws, we know that the mass M (Q,t) = [, p dr and momentum P(Q,t) = [, po dr inside
an arbitrarily shaped, but fixed region 2 are conserved. These conditions lead to the
continuity equation and the Navier—Stokes equation,

O =V - (59), (2.1)

0,(p8) =V -& — V - (p09) + f, (2:2)
where & is the viscous stress tensor, and the term V - & expresses forces due to pressure
P, dynamic shear viscosity 7y, and bulk viscosity 178 . The second term on the right-hand
side of Eq. (2.2) describes changes in the momentum due to a momentum flux. The last
term f represents external forces, such as gravity, acting throughout the entire volume of

the fluid, which will be neglected in the following analysis. The viscous stress tensor & in
the Navier—Stokes equation is given as,

- _ - - 2 - -
G =—pl+m | Vo + (V) = (V- 0)l| +6(V - D), (2.3)

with the superscript T representing the transposed matrix and the symbol | denoting
the unit tensor.

2.1.1 First-order pressure acoustics

In the field of acoustofluidics, it is common to describe acoustic fields fll(r, t), as small
perturbations to a stationary ground state Ay(r), such that the total field is

A(r,t) = Ag(r) + A (v, t). (2.4)

The following analysis assumes that the first-order fields fll(r, t) are time-harmonic with
angular frequency w due to a periodic actuation of the piezoelectric transducer. Their
contribution to the total field can therefore be written as A;(r,t) = Re [4;(r) e ']
Applying this formalism to the density-, pressure-, and velocity field, we obtain

plr.t) = po +Re [pi(r) e '], (2.50)
p(r,t) = po + Re [pi(r) e_i'm], (2.5b)
B(r,t) = 0 +Re[v,(r) e "], (2.5¢)

where the fluid is to be assumed at rest in the ground state and therefore vy = 0. Using
this perturbation approach, and utilizing the relation p; = c%pl for the isentropic speed
of sound ¢y, and the definition of the isentropic compressibility rg ' = poca, the first-order
expressions of the continuity equation (2.1), and Navier—Stokes equation (2.2), can be
obtained. Together with the assumption of time-harmonic first-order fields, allowing us to

evaluate the time derivative as J, = —iw, and factoring out e_m7 this yields
—iwkgpy = =V - vy, (2.6a)
—iwpgvy =V o184 = ~Vp — gV - vy + Vv, (2.6b)

o184 = —pil+n9(B = 1)(V o)l + 19 [Vouy + (Vvl)T], (2.6¢)
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b
where the dimensionless viscosity ratio g = Z—g + % has been introduced. These equations
constitute what will be referred to as the full theory, and rewriting them to the weak-form
allows the implementation in COMSOL, as will be described in Chapter 3.

2.1.2 Viscous boundary layer

Typically a fluid inside a microchannel will be subject to a no-slip boundary condition
at the channel wall, forcing the first-order fluid velocity v; to match the velocity of the
wall. In a viscous fluid with kinematic viscosity vy = Z—g this leads to the formation of

a boundary layer of thickness § = \/% Depending on the fluid, the thickness of this
layer ranges from several micrometers down to 500 nm in water at a frequency of 1 MHz.
Numerical simulations of such thin boundary layers require a very fine mesh, leading to
high computation times. An effective boundary layer theory can be utilized to reduce the
computational demands, as developed by Bach et al. [35, 40]. This theory will be briefly
described in the following section.

2.1.3 Helmholtz equation

Eq. (2.6) can be used to derive the Helmholtz equation for the pressure field p; for the
implementation of an effective boundary layer as presented thoroughly in work by Bach
and Bruus [35, 40]. A Helmholtz decomposition allows separating the velocity field v,
into a bulk part vil and a boundary-layer part v<15 that only enters the problem through an
effective boundary condition on p;. The damped Helmholtz equation for the first-order
pressure field p; is then given as

L2
Vipy = —kipy = kg (1 + 120) p1, with Ty = (84 1)noweyg, (2.7)

where k. is the compressional wavenumber, kg = £

g and T’y is the damping coefficient.

The bulk velocity 'vii can be expressed as a gradient of the pressure p;, which yields

Vp;. (2.8)

The beauty of splitting up the velocity fields into a long-range bulk-velocity field vf and
a short-range boundary-layer velocity 'v(f is that it allows one to absorb the effects of the
boundary layer fields into an effective boundary condition for the pressure field p;. The
boundary layer velocity 'U‘ls, which is confined to the thin boundary layer, therefore does
not need to be computed numerically. However, the analysis by Bach and Bruus is limited
to weekly curved and thin boundary layers with kyd < 1, where v‘f can be determined
analytically. The boundary condition for p; is described in Section 2.4.1.
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2.1.4 Acoustic energy density, radiation force and drag force
Acoustic energy density

The acoustic energy density of an acoustic field is a standard measure of the acoustophore-
sis performance of a given device. It is composed of the kinetic energy density FEj;, and
the potential energy density ;. By calculating the time-average (q) = 7 fOT q(t) dt over
one oscillation period T of the sum of the kinetic and the potential energy density, we
obtain an expression for the time-averaged acoustic energy density

1 1
E,. = ZPO‘W‘Q + ZHO‘P1|2~ (2.9)

Frequencies f,o, which yield a particularly high acoustic energy density, are called reso-
nance frequencies. Such resonances in the acoustic energy density E,. can be described
by a Lorentzian of the form

Eaelf) = — Ly By (2.10)

2 27
(=~ D>+ (3ry)

where Ej is the maximum acoustic energy density at resonance. The quality factor @) =
1/Ty is a measure of the damping of the system and is typically formally defined by the
ratio of the energy stored in the system and the energy dissipated per oscillation cycle

1/f.

Acoustic radiation force

The acoustic radiation force results from the scattering of acoustic waves on particles
suspended in a fluid and is the primary mechanism of acoustophoresis. Settnes et al. [41]
derived a general expression for the acoustic radiation force for particles of radius a inside
a viscous fluid, neglecting thermal effects and the influence of micro-streaming,

T as 2 * * 3k
r d = —7ra3 ? Re [f0p1Vp1] — Po Re [fl Uy - V'Ul] . (211)

For particles that are small compared to the acoustic wavelength A, but much larger than

the viscous boundary layer (§ < a < A), the scattering coefficients are given as derived
by Gorkov in 1962 [42],

fo=1-"2 (2.12a)
Ko
Pp — Po
pp + §p0

Here k;, and p,, describe the particles’ compressibility and density, respectively. If the
pressure field p; resembles a standing wave, then the acoustic radiation force can be
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expressed by the gradient of the so-called Gorkov potential U rad
Pl = vyt (2.13a)
. 47r
Ut = =’ <f0 Zrolpi P = £ Po|”1| ) (2.13b)

Acoustic drag force

The acoustic drag force, resulting from the frictional Stokes’ drag on a particle moving in
a viscous liquid, is given by the expression

d
F&% = 6mnga(vy — v,), (2.14)

where v, is the acoustic streaming velocity and vy, is the velocity of the particle. We can
see from Eq. (2.13) that the acoustic radiation force scales with the particle radius cubed
(a?’), while the drag force generated by acoustic streaming phenomena only scales linearly
with a. For particles with a > 1 pm, typically, the radiation force is the dominating force,
and the drag force due to vy can be neglected for the fluids and channel cross-sections
studied within this work. As we work with particles of the size of red blood cells with
a ~ 5 pm, we neglect the streaming-generated acoustic drag force throughout this thesis.

2.1.5 Acoustophoresis of microparticles

A particle inside an acoustically-excited fluid is subject to several forces, leading to the
force balance

F = Frad+Fdrag +Fbuoy +Fgrav’ (215)
where the buoyancy of the particle is described by FPhy = —éwa?’gpo and forces due
to gravity acting on the particle are given by F&® = %Waggpp. Neglecting acoustic

streaming, vy ~ 0, we obtain the following expression for the acceleration of a particle
with mass m;, and volume V,

1 a rad
(mp + 2P0Vp> ot L+ 6mngav, = F e Vpg(pp — po)- (2.16)

The term 3p,V;, on the left-hand side of Eq. (2.16) is the virtual mass, which describes
the effect of inertia added to the system resulting from the required displacement of fluid
around a moving particle [43]. Under the assumption of negligible inertia (— ~ 0) and
through the use of a density-matched fluid with p, — py &~ 0 this expression simplifies
furthermore and we can directly obtain the particle velocity through the radiation force
by,

Frad
v, = . (2.17)
6mnga
In a 1D-approximation the focusing time for a particle of radius a, placed in a standing
half-wave with k = ZF = 2 and moving from “¢* to 3% is given as [44]

t ~ i wCh2 "o
foc 20 7r2a2 Eac '

(2.18)
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2.1.6 Acoustic impedance

The acoustic impedance describes the resistance of an acoustic medium towards sound
propagation. The characteristic acoustic impedance Z,, is defined by the speed of sound
¢y and the density p,, of the medium m as

Z

m = PmCm-

(2.19)

2.2 Acoustics in linear elastic media

An equation for the displacement w of solids with density pg, subject to a stress o, can
be derived in analogy to the Navier-Stokes equation, Eq. (2.2), from the conservation of
momentum. Assuming low strain s = 1[(Vu + (Va)7)] in the solid, and time-harmonic
behavior, this results in Cauchy’s momentum equation,

—prSI u=V_ o4 (2.20)

In order to relate the stress tensor oy to the displacement w, we can use the following
stress-strain relation, which relates the stress tensor o linearly to the mechanical strain
tensor s via the stiffness tensor C,

oy=0C":s. (2.21)

In this formulation, oy and s are second-order tensors with nine components each, and
C is a fourth-order tensor with 81 components. Utilizing the symmetry of the stress and
strain tensor allows the use of the Voigt notation to write both o and s as a 1 X 6 vector,
and C as a 6 x 6 matrix. For isotropic materials, C' is a sparse matrix with only three
different components C;;, C}q, and Cyy. The stress-strain relation in Voigt notation for
isotropic solids is

Oz Cpp Cp Cip| 0 0 0 Oy Uy

Tyy Ciys Cyy Cinl O 0 0 Oy,

Oz _ Cip Cip Cip| 0 0 0 0,u, (2.22)
Ty 0 Cy 0 O Oyu,+0,u,

Ops 0 0 0 0 Cy O Oy, +0,u,,

Ty 0 0 0 0 0 Cyy Oty +0yuy

The components of the stiffness tensor C are complex-valued with C;, = Cij. + iCjy, to
express the attenuation of the acoustic motion in solids through the imaginary parts Cj..
For isotropic solids, the relationship C;5 = Cy; —2Cy, holds, which leaves the two unknown
coefficients Cp; and Cyy.

2.2.1 Relationship between the elastic moduli

The real parts C7; and Cj, of the stiffness tensor components can be related to a range of
other quantities commonly used to describe the properties of an elastic solid. The relations
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for the Young’s modulus E, the Poisson’s ratio v, the longitudinal speed of sound ¢, and
the transverse speed of sound ¢, are given by the expressions

! 2 E(l — V)
= = - 2-2
Cll Ps1Clo (1 ¥ 1/)(1 — 21/) ) ( 33‘)
E
/o 2
C44 = Ps1Ctr = 2(1 ¥ l/) . (223b)

We can also compute the Young’s modulus F, and the Poisson’s ratio v from the coefficients
C', and Cyy by

E— 04,14(3011 - 4044’)
Ch1 — Cl
o
201, — 20y,

) (2.24a)

(2.24b)

2.2.2 Solid energy density

The time-averaged acoustic energy density in the solids is given by the sum of the kinetic
and elastic energy densities,

1 1
E,= Zpsluﬂw +; Re [(Vu+ (Vu)) : oy]. (2.25)

2.3 Acoustics in piezoelectric ceramics

Gauss’ law governs the electric potential ¢ inside a piezoelectric solid for a linear, homo-
geneous dielectric without free surface charges

V.D=0, (2.26)

where D is the electric displacement field. Cauchy’s momentum equation (2.20) also holds
for piezoelectric materials, but here the stress tensor o,,; depends on the strain s and the
electric field E = —V . Likewise, the electric displacement field D depends on both s
and E. Those relations can be expressed by the equations

Opy =C 18— el \E, (2.27a)
D=e:s+¢e-E, (2.27b)

where e is the piezoelectric coupling tensor, and € is the permittivity tensor. The above
expressions can be written in matrix form using the Voigt notation for a piezoelectric
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material in the comm-symmetry class as [45],

Oxx C1CaCi3) 00 0 0 0 —eg Oy,

Tyy Ci2C1Ci30 0 0 0 0 0 —eg Oy,

T2z Ci3C13C331 0 0 0] 0 0 —es3 O.u,

Oy 0 0 0/Cu 0 0] 0 —e5 0 B, +0,u,

0. | = 0 0 0| 0Cy O0]—es5 0 0 Oy, +0,u, | . (2.28)
Cuy 00 0/0 0Cg 0 0 0 Dyt +0,1

D, 0 0 0] 0 es 0] ey 0 0 "0

D, 0 0 0les 0 0] 0 &, 0 0,0

D, esp ez esz| 0 0 0 | 0 0 &g -0

In this symmetry class the relationship Cgs = 3(C;; —C)5) reduces the required number of

material parameters to five complex-valued C;, = Ciy +iCly, coefficients, three real-valued
/ . / N/ .

e;r = €;, coefficients, and two complex-valued ¢, = €;;, + ig;;, coefficients.

2.3.1 Electrical impedance

The electrical impedance Z, analogous to the acoustic impedance defined in Eq. (2.19), de-
scribes the opposition of a medium towards an alternating electrical current. The electrical
impedance is a complex-valued quantity and defined as the ratio of the voltage potential
difference pg;¢ and the electrical current I. The current I can be derived by the surface
integral of the normal component of the polarization current density Jp = —iw (D — ¢y E)
over the surface 92 of the electrode,

7 - ‘Pdiff’ (2.29)
1

I:/ n-dea:—iw/ n- (D —¢FE)da. (2.30)
o0 o0

For a PZT transducer with a single top electrode and a grounded bottom electrode, the
potential pq;g equals the voltage amplitude of the driving signal, pq;¢ = ¢o — 0 V. In the
case of anti-symmetric actuation with a split top electrode, we define pg4;¢ as the potential
difference between each of the split electrodes, so that qg = ¢, —p_.

2.3.2 Electrical input power

The time-averaged electrical input power B, which is applied to the PZT transducer,
is given in terms of the potential difference pg4;¢ between the electrodes and the electrical
current 7,

1 w1 .
Piput = iRe [eaig I"] = 5}@diﬁ| |I| cos(#), with 6 = arg(Z). (2.31)

The angle 6 describes the phase of the electrical impedance Z, and the factor cos(f) is
sometimes referred to as the power factor.
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2.4 Boundary conditions

2.4.1 Boundary conditions at the fluid—solid interface
Full theory

In the full theory formulation for the first-order fields, the boundary conditions at the
fluid—solid interface for the first-order fluid velocity v; and solid stress tensor o are

v = vy, (2.32a)
Oy -N=014"n. (2.32b)

These conditions express that the first-order fluid velocity needs to match the wall velocity
vy = —iwwu at the interface between fluid and solid. Furthermore, we ensure continuity
of the normal component of the stress tensor o and the normal component of the fluid
stress tensor o g across the boundary.

Effective theory

The boundary conditions for the pressure p; and the solid stress tensor o in the effective
formulation, with a normal vector n pointing outwards from the fluid domain, are derived
by Bach and Bruus in Ref. [35] and given by

iwp i i 2 2
Vpl n= 1_10F (Usl'n_ksv 'Usl,> _E(kcp1+(n'v) p1)7 (2333“)
. d
og - n = —pn + ik (vsl - v1)7 (233b)
with the complex-valued shear-wavenumber £k, = %, and where || denotes tangential

components. These boundary conditions take the thin viscous boundary layer in the fluid
domain into account analytically and do not require any explicit reference to the velocity
field 'Uf = vy — vii inside the viscous boundary layer. For the implementation of the
effective theory, only the boundary conditions for p; and o are necessary, as the fluid
velocity vy is determined by p; through Eq. (2.8).

2.4.2 Boundary conditions at the PZT and solid interfaces

In the piezoelectric domain, we need to define the voltage amplitude, which is applied
to the system’s electrodes. Furthermore, we assume that the normal component of the
displacement field D, the solid stress tensor o, and the piezoelectric stress tensor o, are
zero at the surfaces facing the surrounding air. The corresponding boundary conditions
are

PZT domain < ground electrode: v =0, (2.34a)
PZT domain <« phase electrode: © = o, (2.34Db)
PZT domain < air: n-o,,=0 and n-D =0, (2.34¢)
Solid domain < air: n-oy =0. (2.34d)
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2.4.3 Symmetry boundary conditions
Symmetric boundaries

If the pressure field and the electrical potential are symmetric in a given plane, we can
impose the following boundary conditions to reduce the dimensions of the geometry,

u; =0, (2.35a)
(0q-m) =0, (2.35b)
(Opst M) =0, (2.35¢)
n-Vp, =0, (2.35d)
n-Ve=0. (2.35€)

In this formulation, L describes components normal to the symmetry plane, and || de-
scribes components tangential to the symmetry plane. These boundary conditions ensure
that the components of the displacement u, the flux Vp,;, and V¢, which are normal to
the symmetry plane, as well as the tangential component of o - n and o7, - 1 are set to
zZero.

Anti-symmetric boundaries

For an anti-symmetric surface, the tangential components of the displacement u need to
be set to zero. The same is required for the value of the pressure field p; and the electric
potential ¢ at this surface. Furthermore, the normal components o - n and o,,; - n need
to be zero. The corresponding boundary conditions are

v =0, )
(6q-n)1 =0, )
(Opu -m) 1 =0, (2.36¢)

py =0, (2.36d)
¢ =0. (2.36e)
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2.5 Dissipated power in different domains

The computation of the dissipated power in different domains of the modeled system allows
for an interesting overview. It enables us to compare how much of the applied electrical
power is dissipated in the individual domains. In the following chapter, in Section 3.3.3, a
numerical study of the dissipated power is presented, and this section, therefore, introduces
the required equations. We can compute the time-averaged dissipated power P4 in a
domain € from the divergence of the time-averaged Poynting vector (X) as,

Py = —/ Re {V - (%)} dV :/pd av, (2.37)
Q Q
where pg = —Re {V - ()} is the power dissipation density. [46]

2.5.1 Losses in piezoelectric materials

The time-averaged generalized Poynting vector in piezoelectric materials is defined as,
1
(Bpu) = 5 Re {ExH" -0y, v}, (2.38)

where H™ is the complex-conjugate of the magnetic field H, and v;zt = iwu™ describes the
complex-conjugated velocity of the piezoelectric transducer [46]. By utilizing Maxwell’s
equations in a non-magnetic material, the power dissipation density p,, in a piezoelectric
material can be written as

Ppzt = — Re {V . <2pzt>} = —%w Im {E -D* + Opst s*}. (2.39)

2.5.2 Losses in solid materials

The losses in the solid domain can be obtained in analogy to the previous case of piezo-
electric materials, but neglecting the contributions from the electric field. The power
dissipation density for a solid is given as,

1
P = 5w Im {oy : s*}. (2.40)

2.5.3 Losses in fluids

The losses in the fluid domain can be derived from the time-averaged Poynting vector
1 *
(Zn) =3 Re{— o4 vi}. (2.41)

The density of the time-averaged dissipated power can then be calculated as

1 X
pa=—Re{V (Zg)} = 5 Re{oq: Vvi}.






Chapter 3

Simulation of acoustofluidic
systems

3.1 Numerical methods

In order to predict and optimize the behavior of acoustofluidic devices, we are interested
in obtaining a solution for the acoustic pressure p;, the fluid velocity vy, the solid dis-
placement u, the electric potential ¢, and all quantities that can be derived from those
fields. The corresponding governing equations, however, can only be solved numerically.
We utilize the finite-element method (FEM) in this work to obtain approximate solutions
for these fields. In this chapter, a brief overview of FEM will be given, and the imple-
mentation of the governing equations using the software COMSOL Multiphysics will be
described. In Section 3.3, different methods to ensure the validity of the numerical model
will be discussed. The theory presented in this chapter is based on Refs. [47, 48].

3.1.1 Finite element modeling

All partial differential equations (PDEs) used throughout this thesis can be described by
a flux J resulting from a force F', generally called strong-form representation, of the form

V.J-F=0. (3.1)

The finite element method aims to approximate the complex-valued, time-independent
solution @yt (), which fulfills Eq. (3.1). In order to solve such equations numerically,
we need to discretize the domain into small finite elements on which the equation is being
solved. Typically only an approximate solution a(r) & eyt () can be found, which is
subject to an error e(r),

V - Jla(r)] — Fla(r)] = e(r). (3.2)

Such an approximate solution a(r) is obtained by the introduction of so-called test func-
tions a,,, that are defined on each node point n of a mesh consisting of N node points in
total, as visualized in Fig. 3.1(a). At each node point a weight w,, is calculated in order
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Exact solution

Numerical solution a,,

Figure 3.1: (a) 1D mesh consisting of five nodes and four mesh elements. For each node
n a linear Lagrangian test function a,, is drawn, which equals one at the node’s location
and is zero at all other nodes. (b) The exact solution gy, is shown in black, and the
numerical values a,, = w,,a,, and their corresponding weights w,, are shown in orange and
red, respectively.

to locally approximate the solution as,

a(r) = Y wydy,(r). (3.3)

For a(r) to be a viable solution of Eq. (3.1), the error e(r) has to be as small as possible.

To ensure that e(r) is minimal, it is helpful to implement the weak-form representation of
Eq. (3.1),

/ﬂ (1) {V - J[a(r)] = Fla(r)]} dV =0, (3.4)

which corresponds to the expression [q, ,,(r) e(r) dV = 0, which is enforcing the error
to be minimal in each mesh point. A visualization of a 1D mesh including linear test
functions a,, and weights w,, is shown in Fig. 3.1. If we assume, that both the flux J
and the force F' depend linearly on the field a(r), such that Jla(r)] = >, w,J[a,] and
Fla(r)] = >, w,Fla,], we can express Eq. (3.4) as a system of equations in matrix
representation as,

N
> Kpuw, =0, with K, = / i (1) {V - J[a,(r)] — Fla,(r)]} dV (3.5)
n=1 Q

In order to find the required weights w,, necessary to compute the solution a(r), finite
element software typically solves such a system via the usual matrix operations based on
the known matrix K,,,. This process is eased by the fact that K,,, typically is a sparse
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matrix since the m test functions a,, are only nonzero close to a given mesh element n.
Nevertheless, solving numerical problems in 3D results in large meshes with thousands of
mesh nodes and, therefore, large matrices that need to be solved.

3.1.2 Boundary conditions

In order to obtain meaningful results, FEM requires the specification of boundary condi-
tions to solve a given differential equation. The two most common boundary conditions
that we encounter in our numerical model are

e Dirichlet boundary conditions, forcing the field value at the boundary to a specified
value D(r),

e Neumann boundary conditions, defining the flux N(r) = n - J normal to the bound-
ary, with normal vector n.

Dirichlet boundary conditions are implemented by defining the weights w,, = D(r,) at
the boundary, where the field value D(r) is known. The implementation of Neumann
boundary conditions becomes straightforward if we rewrite K, in Eq. (3.5) using Gauss’
theorem as,

K,, = j{m[am n - Ja,(r)]] dA — /Q Vi, - Jin (7)) + ap Fla,(r)] dV =0.  (3.6)

In this representation, it can be seen that the Neumann boundary condition N(r) =n-J
can be directly included in the surface-integral formulation.

3.2 Implementation

For the numerical simulations, the weak-form interface ”Weak Form PDE” of the FEM-
solver COMSOL Multiphysics [49] is used to implement the governing equations. These
numerical simulations allow us to obtain solutions for the potential ¢ in the piezoelectric
transducer, the displacement w in all solids, and the acoustic pressure field p; in the
microfluidic channel.

In the simulations presented in Chapter 5 and Chapter 8, a thin liquid coupling layer
between the piezoelectric transducer and the microfluidic chip is used. For a coupling
medium such as glycerol, the boundary layer thickness is 6 = 17 pm at 1 MHz and,
therefore, similar to the thickness of a typical coupling layer with A, ~ 20 pm. In
such cases, the effective boundary layer theory developed by Bach and Bruus [35] cannot
be utilized, and the full theory for the pressure p; and velocity field v;, described in
Section 2.1.1, is implemented for the coupling layer. The effective boundary layer theory,
described in Section 2.1.3, together with the boundary conditions listed in Section 2.4.1,
is implemented to solve the fields inside the typically water-based microfluidic channel.
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3.2.1 Fluid domain
Full theory

The full theory is implemented as a weak-form PDE solving Eq. (2.6b) for the velocity
field vy, described by a flux J(v;) and force F(vy),

J =014, (3.7a)

F = —iwpgvy, (3.7b)
with o g as defined in Eq. (2.6¢c). The pressure field p; is added as a weak contribution
via Eq. (2.6a), using p; as an auxiliary dependent variable. The boundary condition on
the velocity vy is simply a Dirichlet condition, implementing the no-slip velocity by setting
v, = iwug. The stress on the surrounding walls is implemented as a weak contribution,
requiring og - n =04 - N.

Effective boundary layer theory

The effective boundary layer theory described in Section 2.4.1 is implemented as a weak-
form PDE solving for the pressure field p; with a flux J(p;) and force F(p,),
J =Vpy, (3.8a)
F=—kp,. (3.8b)
The velocity field v; does not need to be implemented as a weak-form PDE and can be

calculated from the pressure field p; via Eq. (2.8). The boundary condition for the pressure
can be implemented as a weak contribution, given by Eq. (2.33a).

3.2.2 Solid domain

In order to implement Cauchy’s momentum equation, see. Eq. (2.20), we are solving for
the displacement field w using a flux J(u) and a force F(u),

J = O, (39&)
F = —u’pyu. (3.9b)

The boundary condition for the stress o on the walls surrounding the fluid channel can
be implemented as a weak contribution, given by Eq. (2.33Db).

3.2.3 Piezoelectric domain

For the piezoelectric transducer, we are interested in the electric potential ¢, the displace-
ment field u, and how the two fields interact. We, therefore, implement two PDEs: Gauss’
law with a flux J(¢), as well as the stress-strain relation for the transducer with J(u) and
F(u). The stress-strain formulation for piezoelectric transducers is similar to Eq. (3.9),
with the difference that the flux equals the stress tensor of a piezoelectric material, which
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includes the coupling coefficients between the electrical and mechanical field, J = o

pzt-

The formulation for the generalized flux and force for Gauss’ law is
J =D, (3.10a)
F=0. (3.10b)

3.3 Model validation

Several tests have been performed throughout the Ph.D. project to verify the validity of
the numerical model. One of the most important tests is verifying if the mesh, which
has been used for a numerical study, yields solutions converging toward the true solution.
Further verification tests include comparing full simulations and simulations utilizing sym-
metry planes. In this section, we gain some additional insight into the consistency of the
numerical model by comparing the dissipated power in the different sub-domains of the
system with the input power and comparing the results of 2D and 3D simulations. The
validation of the model by experiment will be the content of Chapter 5. The 2D and 3D
models studied in this section are visualized in Fig. 3.2 and consist of a PZT transducer,
a thin coupling layer, a fluid channel, and a polymer chip.

(a) Polymer (b)

Fluid

L’ Y - i Coupling

Figure 3.2: (a) Overview of the 2D model, consisting of the fluid channel (blue), polymer
chip (light gray), coupling layer (orange), and PZT transducer (dark gray). A dotted line
indicates the symmetry line in the vertical z-direction. (b) A quarter of the entire 3D
model is shown, where symmetry conditions at the yz- and xz-plane have been used.

3.3.1 Mesh convergence

To evaluate if a chosen mesh is fine enough to resolve the correct solution, we perform
mesh-convergence testing as the initial step when setting up a new numerical model. The
maximum element size in a mesh is usually defined as,

_A (3.11)

h
max 8’

where A\ = ¢/ feqn 1S the wavelength at frequency fieqn in a given domain. The speed of
sound c equals ¢y in the fluid domain, while the transverse speed of sound ¢, is used in
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Figure 3.3: (a) Overview of the 2D mesh at different mesh scale values s = 1, 5 and
15. (b) Mesh convergence plot for a 2D simulation showing the mesh convergence, defined
by error[a(s)], of the pressure field p;, electrical potential ¢ and displacement u,, and u,
versus the scaling parameter s. (¢) Mesh convergence plot for a 3D simulation showing
error[a(s)] versus the scaling parameter s.

the solid domain to define the mesh. Mesh convergence testing is performed by gradually
increasing the mesh resolution s to the highest possible value, $,,.x, Which can still be
computed on a workstation. We consider the solution to a given field a(r, s) at position r
to be a function of the mesh scaling parameter s and denote the error between the solution
a(r, Spax) Using the highest possible mesh scaling parameter s, as,

fQ |a(r, 8) - a(r, 8max)|2 dv
fQ |(l(’l", smax>|2 dV

errorfa(s)] = (3.12)

Fig. 3.3(a) visualizes the 2D mesh at different scaling parameters s. In Fig. 3.3(b,c),
we compare the results of such a mesh convergence test for a 2D and a 3D model. While
we typically aim for convergence error below 1% in our 2D simulations, which is achieved
for s = 13 in the example shown in Fig. 3.3(b), reaching a high convergence in a 3D
simulation requires a large amount of random access memory due to the many degrees of
freedom. We, therefore, reach convergence in the order of 5% in our 3D simulations, seen
for s = 4.5 in Fig. 3.3(c).
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Figure 3.4: Comparison of the simulated acoustic energy density E.,. inside the fluid
channel of a COC-based device, coupled to a Pz27 transducer. Frequencies f in the range
from 0.5 to 2.5 MHz were simulated using an anti-symmetric actuation voltage with an
amplitude of gy = 1 V. In the 2D simulation, the highest acoustic energy density is found
at f = 0.97 MHz with Eg? =2.3Jm °. In the 3D simulation, the acoustic energy density
is highest at f = 0.98 MHz with E>° = 1.2 Jm ™.

3.3.2 2D and 3D comparison

Due to time and computation constraints, many simulations are performed in 2D, and only
final validation is performed using 3D simulations. Especially when performing parametric
sweeping over a wide frequency range or numerical optimization, using 3D simulations is
too time-consuming. Many of our typical systems, however, utilize 2D-like actuation. In
Fig. 3.4, the results obtained from a 2D-cross-section are compared with the simulation
results of a full 3D simulation. The simulation is based on the system shown in Fig. 3.2
and is similar to the one that will be studied in Chapter 8. The device consists of a 3-mm-
wide, 0.5-mm-high Pz27 transducer, a 20-pm-thin solid coupling layer, and a 2.4-mm-wide,
2.3-mm-high COC chip. The frequency sweep in 2D and 3D is performed with a constant
voltage amplitude of ¢y = 1 V from 0.5 to 2.5 MHz in steps of 5 kHz. The simulation
shows a good agreement between the 2D and the 3D results. While the amplitudes differ
by an order of magnitude at some frequencies, the resonance frequencies between the two
simulations match well.

3.3.3 Dissipated power in different domains

A further way of validating if the numerical model is self-consistent is by comparing the
dissipated power in the different domains of the acoustofluidic device and comparing those
with the total power delivered to the system. The sum of the electrical and mechanical
power dissipation in the transducer P, the mechanical power dissipation in the solid
P,iiq, and the power dissipation in the fluid Pg,;q has to match the input power P,
delivered to the piezoelectric transducer,

]Dinput %Ptot :szt+Psl+Pﬂ' (313)

nput

In Fig. 3.5, we compare the power loss in the case of a polymer-based system and a
glass-based system. Over the studied frequency range from 0.5 to 2.5 MHz, we find
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Figure 3.5: The time-averaged dissipated power in the solid (P,), fluid (Py) and piezo-
electric domain (P,,;) is shown versus frequency f in the range from 0.5 to 2.5 MHz. The
values are compared with the input power P, and the total power Py, for (a) a system
with a polymer chip made from COC and (b) a glass-based system using the material

parameters for borosilicate glass.

the total power dissipation to match the input power, P,,; & P While in a glass-
based device, most losses occur in the piezoelectric transducer, the situation is different
for polymer-based systems. Due to polymers’ high acoustic attenuation, the polymer’s
mechanical power dissipation (green curve) is almost as high and sometimes higher than
the transducer’s power dissipation (red curve), as seen in Fig. 3.5(a). In both systems, the
power dissipation in the fluid makes up only a tiny fraction of the total power P,.

3.4 Material parameters

In order to perform numerical simulations of the pressure field p, the displacement field w,
and the electric potential ¢, several material parameters are required. A list of all material
parameters used throughout this thesis can be found in the appendix in Chapter A. The
material parameters are categorized in two sections: Parameters obtained from literature
are listed in Section A.l. Parameters measured using the UEIS technique are listed in
Section A.2.



Chapter 4

Experimental aspects of
acoustofluidic systems

To further validate the numerical model as part of the feedback loop, experimental char-
acterization of the performance of acoustofluidic devices is crucial. This chapter aims to
establish the experimental foundation for the work performed in Paper I [1], Paper 1T [2],
and Paper IIT [3], which will be presented in the subsequent chapters. In this chap-
ter, the terminology and different concepts relevant to acoustofluidic experiments will
be introduced. Furthermore, the fabrication procedure of polymer devices and different
characterization methods shall be established in the following.

4.1 Fabrication of polymer-based devices

This thesis aims to close the feedback loop and move from numerical simulations to fab-
ricating polymer-based acoustofluidic devices. In this context, it is imperative to consider
the details of the fabrication process in the device design. This work is part of the Acou-
Plast project, where we are lucky to collaborate with experts on injection molding from
the department DTU Construct.

In contrast to some glass-based acoustofluidic devices, the fabrication of injection-
molded polymer chips typically involves an additional process step consisting of bonding a
thin polymer foil, which seals the channel. The fabrication procedure starts with selecting
a suitable polymer. Afterward, the injection molding, bonding of the thin polymer foil,
and acoustic coupling to a piezoelectric transducer can commence.

In my work, I have been partially involved in selecting a suitable polymer and in
different experiments on polymer-polymer bonding to seal the microfluidic channel. The
injection molding and bonding of polymer chips are performed by Komeil Saeedabadi
(DTU Construct). The following overview presents a short introduction to the injection-
molding process, which is relevant for understanding some of the fabrication constraints
imposed on the optimization procedure performed in Chapter 8.

29
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Table 4.1: Comparison between different properties of the polymers COC, PC, PMMA,
PS, and PDMS. Here, different symbols are used to express good (+), neutral (0), and
unfavourable properties (—).

cocC PC PMMA PS PDMS
Injection molding [50] 0 + + 0 -
Bonding [51, 52] 0 + + + +
Transparency [53] + 0 + + +
Mechanical stability [53] + + 0 + -
Chemical resistance [53] + - - 0 0

4.1.1 Material requirements

The list of polymers relevant for acoustofluidic applications includes cyclic olefin copoly-
mer (COC), polycarbonate (PC), polymethyl methacrylate (PMMA), and polystyrene
(PS). The properties for these polymer and their suitability for biomedical applications
are given in Table 4.1. The polymer polydimethylsiloxane (PDMS) is furthermore in-
cluded in the comparison table, because it is commonly used in acoustofluidics due to its
compatibility with conventional cleanroom fabrication techniques, albeit not suitable for
injection-molding. Optical transparency is initially required to verify the performance of
the device. At a later stage this property however is not strictly required anymore. The
polymers COC, PC, PMMA and PS are all available in medical grades, ensuring biocom-
patibility of the polymer devices. Of the listed polymers, COC and PMMA have been
selected for injection-molding trials. COC has been chosen as a promising candidate for
acoustofluidic devices due to its good mechanical stability and chemical resistance. A dis-
advantage of COC, however, is difficulties in the injection-molding- and bonding process.
PMMA, on the other hand, is a material commonly used for injection molding and with
established bonding techniques. At the same time, the poor chemical resistance towards
acetone and ethanol is a weak point of the material for use in biomedical applications.

4.1.2 Injection molding

Injection molding of thermoplastic polymers is performed by heating pellets of the desired
polymer well above their glass transition temperature and injecting them into a mold.
Several process parameters can have an impact on the quality of the injection-molded
sample:

Melt temperature,

Mold temperature,

Packing pressure,
e Injection speed.

The melt temperature defines the temperature that polymer pellets are heated to before
being injected through the barrel. This process takes place at a defined injection speed into
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the mold while keeping the mold at a constant temperature. Once the mold is filled, the so-
called packing pressure is applied to the molten polymer until it has solidified. Volumetric
shrinkage, difficulties in the demolding process, and insufficient mold filling are among
the problems if incorrect process parameters are chosen. In addition, enclosed structures
cannot be fabricated when using injection molding as the fabrication technique. The
device, therefore, needs to be assembled from two parts to obtain an enclosed microfluidic
channel. Alternatively, as intended in this work, the channel can be sealed off using a thin
sheet of polymer-foil using polymer-polymer bonding. [50]

4.1.3 Polymer-polymer bonding

Various approaches for polymer-polymer bonding exist, such as plasma-activated bonding,
thermally-, chemically-, or pressure-assisted bonding, ultrasonic welding, and ultraviolet-
light (UV) assisted bonding techniques. For the PMMA and COC samples considered
in this work, a combination of UV-bonding and pressure-assisted bonding is used by the
collaborators at DTU Construct. UV exposure to the polymer surfaces leads to photo-
oxidation, causing the breaking of polymer chains. Bringing such two surfaces into contact
while applying sufficiently high pressure and heating the polymers to temperatures slightly
below their glass transition temperature enables a good chemical bond between the two
polymers.

4.1.4 Coupling layers

Once the polymer-based chip has been molded and bonded, it needs to be mechanically
coupled to a piezoelectric transducer. Such coupling can be achieved through a thin layer
of glycerol or an adhesive, which permanently connects the transducer and chip. For
example, in work presented in Paper I [1], a glycerol coupling layer has been used to allow
reversible coupling. Another advantage of glycerol from a numerical point of view is the
fact that the acoustic properties of glycerol are reasonably well-known. In contrast, the
mechanical properties of cured adhesive layers are only sparsely reported in the literature.

4.2 Overview of acoustofluidic design configurations

Acoustofluidic devices and their corresponding designs can be categorized by their means
of actuation into either bulk acoustic wave (BAW) devices or surface acoustic wave (SAW)
devices. In this thesis, only BAW devices are considered, and such devices can be further
sub-categorized broadly into particle trapping and particle separation devices that are
briefly introduced below. [14, 54, 55]

4.2.1 Devices for particle trapping

Particle trapping devices are typically built using a bulk piezoelectric transducer, with a
length that is much smaller than the length of the microfluidic chip. Often glass capillary
tubes are used, and a spatially-localized acoustic half-wave in the vertical direction leads
to localized trapping of seed particles. [55]
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(a) (b)

A/4 pressure wave A/2 pressure wave

Figure 4.1: (a) Standing-pressure A\/4-mode in a microfluidic channel with particles
being pushed to the top of the channel (green arrow). (b) A/2-mode with particle focusing
at the channel center.

4.2.2 Devices for particle separation

As opposed to trapping devices, particle separation devices usually utilize longer piezo-
electric transducers to ensure a homogeneous acoustic field across a large area of the
microfluidic chip. In order to perform particle separation, desired particles need to be
focused in a pressure node inside the microchannel. To ensure sufficient focusing even
at high flow rates, long straight channels with sufficiently strong acoustic fields help to
achieve good results. Often a transverse acoustic field, which is perpendicular to the direc-
tion of actuation, is used in such devices, and either standing-pressure A/2- or \/4-waves
are used, as shown in Fig. 4.1.

Quarter-wave designs

A standing quarter-wave inside a microfluidic channel with a pressure node at one of the
channel walls will lead to particle focusing at the respective wall. In 1D-like systems,
where the channel comprises a significant fraction of the system, such devices are often
developed based on one-dimensional design rules. For example, Gu et al. [12] presented a
high throughput device for platelet separation in 2019, using a standing quarter-wave in
a polymer device. The device was optimized for a frequency of 610 kHz and consisted of
a piezoelectric transducer and two PMMA layers separated by a divider. The top PMMA
layer was designed to match a thickness of A/2, while the channel and the bottom layer
match a wavelength of \/4.

Half-wave designs

A standing pressure half-wave inside a hard-walled microfluidic channel will cause particles
to focus in the center of such a channel. Typically these configurations utilize a channel
width matching half the acoustic wavelength at a given frequency to yield a pressure node
in the channel center. Half-wave designs have been utilized for the devices presented in
Paper 1 [1] and Paper III [3]. However, for polymer-based acoustofluidic devices with
a complex resonance structure and mechanically-soft walls, the observed resonance fre-
quencies typically do not translate to a standing half-wave in the channel. Therefore, the
conventional design rules can be misleading for polymer chips, and a complete simulation
taking all the components of the whole system is needed. Modified design rules, however,
can act as an initial guess for optimizing the device geometry for good acoustophoretic
performance, as shall be discussed further in Chapter 5 and Chapter 8.
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4.3 Device characterization

The work performed for Paper I [1], Paper II [2], and Paper III [3] heavily relied on exper-
imental input. The AcouPlast project enabled a great collaboration with AcouSort and
the Department of Biomedical Engineering at Lund University. The thorough acoustoflu-
idic measurements of the polymer device presented in Paper I [1] have been performed by
Mathias Ohlin in the laboratories in Lund. The electrical impedance measurements and
further validation measurements required for Paper II [2] have been performed in collab-
oration with my colleague William Naundrup Bodé. Finally, the experimental work for
Paper III [3] has been performed by me and was supported by Massimiliano Rossi. The
following sections will give a short overview of the required equipment and measurement
techniques used throughout this thesis.

4.3.1 Overview of a typical acoustofluidic platform

A typical acoustofluidic platform consists of a frequency generator, power amplifier, mi-
croscope, camera, and the acoustofluidic device, including a piezoelectric transducer. In

Rubber tubing,
glued with silicone glue

Figure 4.2: Overview of the experimental setup used in Paper III [3] to study
acoustophoresis in a glass-capillary tube. The essential equipment of the experimental
platform was acquired and assembled by Associate Professor Massimiliano Rossi. The
measurement automation, voltage- and power control, and device assembly were performed
as part of this thesis. The setup includes a self-developed 4-wire sensing configuration con-
sisting of four spring-loaded pins that directly measure the true voltage amplitude at the
transducer.
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order to ensure perfect agreement between numerical simulations and experimental data,
any external influence on the acoustic fields should be minimized. Thermoelectric cooling
is suggested to minimize the influence of heating of the transducer for applications requir-
ing high electrical power. Furthermore, a good knowledge of the actuation voltage and
frequency is required. Therefore, in collaboration with Associate Professor Massimiliano
Rossi, an experimental setup was developed for the work of Paper III [3] that aims to
achieve the closest possible match to the numerical system configuration. Massimiliano
Rossi acquired and assembled all the equipment for the basic acoustophoresis system. The
automation- and control software and the 4-wire sensing configuration were developed as
part of this Ph.D. project. The resulting experimental setup is shown in Fig. 4.2. The use
of spring-loaded pins and a four-wire sensing approach allows for the determination of the
driving voltage of the piezoelectric transducer while minimizing the mechanical clamping
of the acoustofluidic device. Furthermore, the mechanical clamping of the glass-capillary
tube is kept minimal by using silicone glue at both ends of the capillary.

The acoustic focusing time 4., energy density E,. or particle velocities v}, are typi-
cally studied by switching on the acoustic fields and recording the response of fluorescent
microparticles suspended in a fluid inside the channel. The use of a neutrally-buoyant
solution helps prevent sedimentation of the particles. Therefore, the framerate of the
recording camera needs to be high enough to resolve the particle motion, or the actuation
voltage needs to be adjusted to reduce focusing times. When driving piezoelectric trans-
ducers at high voltages, the resulting high power dissipation requires sufficient cooling to
neglect thermal effects, leading to changes in the acoustic properties of the materials.

If the acoustics are kept on while particles are flowing through the channel, mea-
surements can yield additional insights into achievable flow rates @), while maintaining
particle focusing. Data analysis methods to obtain the desired performance metrics are
discussed in the following section.

4.3.2 Determination of particle focusing metrics
Rapid light-intensity method by Barnkob et al.

Barnkob et al. [44] presented a technique using the light intensity across the channel
over a series of frames to obtain the acoustic energy density F,.. By summing the pixel
intensities in a given area of the channel and fitting a polynomial with E,. as the free fitting
parameter, reasonable estimates of the energy density can be obtained. This approach
assumes that particles in the channel follow a known trajectory when subject to a standing
half-wave pressure field. This technique has been utilized in Paper I [1] to determine the
acoustic energy density over a wide frequency range.

Focusability metric

A different metric introduced in Paper I [1] is the focusability F, which was inspired by
the FocuScan method used by Vitali et al. [56]. The value F describes the number of
particles focused within 10% of the center of a channel of width wg,. Similar to the light-
intensity method, the intensity distribution I(y) across the channel (in y-direction) is used
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to compute the focusability F,

1/2wgg ¢
JH e I(y) dy
1/2wg,

F= .
f71/2wch I(y) dy

(4.1)

Here, a width wy,, = %Owch for the focus band is assumed, with the center of the channel
located at y = 0. An advantage of the focusability metric is that it yields an easy-
to-interpret value, which can easily be obtained experimentally, and allows for a good
comparison between experiment and simulation.

General defocusing particle tracking

The general defocusing particle tracking technique (GDPT), developed by Barnkob and
Rossi [57, 58], utilizes cross-correlation of a set of calibration images in order to obtain z-,
y- and z-coordinates of particles in a given channel region across the recorded frames. The
particle’s depth position results from the defocusing pattern change. By nearest-neighbor-
tracking, it allows for obtaining the trajectories of individual particles. Those trajectories
can be used to obtain information about the strength of the acoustic field, the acoustic
energy density, and average particle velocities, as done in work presented in Paper 11T [3].
The advantage of the average particle velocity over the acoustic energy density or focusing
times is that no assumptions about the underlying acoustic fields need to be made.

4.3.3 Electrical impedance measurements

Measurements of the electric impedance spectrum Z(f) allow further insights into ideal
driving frequencies and can be used to determine material parameters of the system,
as will be discussed in Chapter 6. In that context, it is crucial to perform calibration
measurements using an open-circuit, short-circuit, and known-resistor configuration to
obtain correct impedance measurements. These calibration measurements ensure that
parasitic components in the wiring do not distort the impedance measurement.

Impedance measurement of split-electrode devices

The impedance of piezoelectric transducers with a split top electrode can be measured by
applying a driving voltage to one of the two split electrodes. The other split electrode
is grounded, and the bottom electrode is left electrically floating. In physical terms, a
floating electrode means that the tangential components of the electrical field equal zero,
E| = 0, while in practical terms, the electrode is left unconnected. Such a measurement
approach ensures comparability with our numerical model. As can be seen from Fig. 4.3,
such a configuration is equal to the usual split-electrode actuation, where the two top
electrodes are actuated with a signal that is 180° out of phase between the left and right
electrode, while the bottom electrode is grounded. If we add a potential of 0.5 V to
the entire field in Fig. 4.3(a), we obtain the field shown in Fig. 4.3(b). The two fields,
therefore, only differ by a constant offset, while the simulated impedance is identical for
the two configurations, as shown in Fig. 4.3(c).
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Figure 4.3: (a) Simulated electrical potential ¢ in the configuration with an anti-
symmetric potential applied to the two split top electrodes. (b) Configuration with a
floating bottom electrode. In this case, the observed potential resembles the potential of
the previous case with a constant offset of 0.5 V. (c¢) The simulated electrical impedance |Z|
versus frequency f is shown for the anti-symmetric and the floating electrode configuration,
with identical impedance in both cases.

4.4 Device actuation using piezoelectric transducers

In order to focus particles in the center of a microfluidic channel, a pressure field resem-
bling a standing half-wave needs to be created. Typically acoustofluidic devices either
focus particles in the transverse direction or vertically compared to the device actuation.
In the following, we will mainly consider transverse focusing, as it is easier to observe
experimentally and is better suitable for polymer-based devices due to the fabrication
constraints imposed by injection molding.

4.4.1 Actuation methods

Different ways of actuating the microfluidic chip exist to achieve a transverse, anti-
symmetric pressure field. If the device is actuated from the bottom, the symmetry needs
to be broken to create an anti-symmetric pressure wave around the channel center. The
three most common actuation principles are schematically shown in Fig. 4.4. We distin-
guish between anti-symmetric actuation [26, 59], off-centered actuation [16, 59, 60], and
side-wall actuation [61] and their advantages will be discussed in the following paragraphs.

Anti-symmetric actuation using split electrodes

In work by Moiseyenko et al. [26], the concept of whole-system resonances (WSUR) was
explored, and actuation with two piezoelectric transducers driven in anti-phase was pro-
posed. Such actuation theoretically allows for perfect symmetry-breaking and is ideal
for achieving transverse particle focusing. However, a disadvantage of anti-symmetric
actuation is that two driving signals are required that must be out of phase by 180°. Fur-
thermore, the electrode of the transducer needs to be separated perfectly in the center to
achieve perfect symmetric breaking, which is an additional experimental challenge.
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(a) (b) (c)

Anti-symmetric actuation Off-centered actuation Side-wall actuation

Figure 4.4: Schematic overview of different ways of actuating an acoustofluidic device.
(a) Anti-symmetric actuation, (b) off-centered actuation, and (c¢) side-wall actuation.

Off-centered actuation

Another way of breaking the symmetry in the actuation of a microfluidic chip is to place
the chip asymmetrically onto the transducer. Alternatively, the channel can be posi-
tioned off the center axis inside the chip, leading to symmetry breaking. A study of such
symmetry-breaking has been performed by Tahmasebipour et al. [59]. This work found
that in asymmetrical glass devices under symmetric actuation, resonances with higher
amplitudes than in the geometrically-symmetric case can be obtained. A combination of
asymmetric geometry and anti-symmetric transducers produced the strongest half-wave
resonances according to numerical simulations of silicon and glass devices performed by
Tahmasebipour et al.

Side-wall actuation

Qiu et al. [61] showed that using side-wall actuation for glass chips can increase the acous-
tic energy density by up to four times compared to actuation from the bottom. In their
numerical model, however, they observe the highest pressure amplitudes for the case of
anti-symmetric bottom actuation. Experimentally, side-wall actuation using a piezoelec-
tric transducer that is not much wider than the thickness of the glass capillary can induce
symmetry breaking and yield acoustic energy densities that are much higher than when
utilizing symmetric actuation from the bottom.

Actuation in this thesis

In this thesis, particularly in Chapter 5 and Chapter 8, mainly anti-symmetric actuation
from the bottom of the chip has been considered. Actuation from the bottom is beneficial
due to practical considerations, such as mounting the chip to the transducer via a glycerol
coupling layer. While the resulting pressure fields under side-wall actuation are naturally
asymmetric, they might not necessarily be anti-symmetric in polymer-based devices. How-
ever, if anti-symmetry in the pressure field can be achieved, side-wall actuation presents a
viable alternative. A possible solution to achieve anti-symmetry using side-wall actuation
is using two transducers, one on each side of the chip. However, this solution comes with
similar drawbacks as the technique of anti-symmetric actuation from the bottom.
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4.4.2 Acoustic and electrical impedance matching

Another technique for improving the performance of an acoustophoresis device is to ensure
impedance matching, both electrically as well as acoustically. If the impedance Z; of the
first medium and Z, of the second medium differ, this will lead to reflection of the electric
(or acoustic) wave with reflection coefficient r, defined as [55]

Zy— 24

r=—_——
71+ Zy

(4.2)

In order to maximize the transmitted energy from medium 1 to medium 2, a matching
layer can be introduced. This matching can be done both for the electrical circuit and
through an acoustic layer in the mechanical domain. [55]

4.4.3 Non-linear effects due to voltage and aging

Non-linearity with increased voltage

Our numerical model assumes that the piezoelectric transducer’s impedance spectrum
Z(f) will remain the same, regardless of the actuation voltage applied to the transducer.
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Figure 4.5: Measured impedance | Z| versus frequency f of a Pz27 transducer at different
voltages. (a) The impedance is shown for frequencies ranging from 0.15 to 0.25 MHz. A
zoom-in of the impedance minimum close to 200 kHz shows a slight downward shift of the
resonance by Af ~ 2 kHz when increasing the actuation voltage from 0.1 V,, to 2.8 V.
(b) The impedance spectrum is shown from 3.3 to 4.3 MHz, with a zoom-in of a local
minimum close to 4 MHz. In the zoom-in, a small downward-shift of the impedance by
Af =~ 2 kHz is observed, when increasing the actuation voltage from 0.1 V,;, to 2.8 V.
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This assumption, however, might not always be justified, as work by Ural et al. and Liu
et al. shows [62, 63]. Non-linear effects can cause a shifting of the impedance spectrum,
hysteresis effects, and ”jumping phenomena,” describing a sudden in- or decrease in the
impedance spectrum, depending on how and which actuation voltage is applied. Non-linear
effects of piezoelectrics transducers are grouped into dielectric and mechanical nonlinear-
ities. Dielectric nonlinearity dominates in the case of high electric field strengths and far
from the transducer resonance frequency. On the other hand, mechanical nonlinearities
are expected to be dominant when driving transducers at resonance [63].

For this reason, the impact of the actuation voltage on the impedance spectrum of
a Pz27 transducer was investigated. The transducer, with a diameter of 10 mm, and a
thickness of 0.5 mm, has a nominal resonance frequency of 4 MHz. The results of this
measurement are shown in Fig. 4.5, separated into two frequency ranges. Fig. 4.5(a)
shows the impedance spectrum from 150 to 250 kHz. An approximately 2 kHz shift of the
impedance minimum close to 200 kHz is observed when increasing the actuation voltage
from 0.1 V, to 2.8 V.. This shift relates to a 1% change in resonance frequency. At
the same time, the value in the minimal impedance increases by 10 Q from 14 Q to 24 Q
with increasing voltage. In Fig. 4.5(b), the frequency region from 3.3 to 4.3 MHz, around
the nominal 4 MHz resonance frequency of the transducer, is shown. Again, we find an
approximately 2 kHz downward shift of the impedance when increasing the peak-to-peak
voltage by 2.7 V. This presents a shift by 0.05% relative to the resonance frequency.
The impedance in the zoomed-in area changes by A|Z| = —0.25  when the voltage is
increased. For the main thickness resonance at f = 3.9 MHz, a minor 0.04 Q change
in the absolute impedance was found. Therefore, it is assumed that these effects can be
neglected in our numerical model for moderate voltages and frequencies in the MHz range.

Aging effects

The measured impedance spectrum Z(f) of a transducer-glue-chip system is subject to
various aging effects. The impedance spectrum of a chip-loaded Pz27 transducer was
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Figure 4.6: Measured electrical impedance |Z| versus frequency f of a transducer-glue-
chip system at different measurement intervals from ¢ = 0 h to 213 h.
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recorded in defined time intervals for 213 hours to characterize this effect. The results
of this measurement are shown in Fig. 4.6. Here a change in the electrical impedance of
approximately 10 €2 is observed for 213 hours. The cause of this aging phenomenon is
unknown. However, the most likely cause is the stiffening of the glue layer, which leads to
lower system damping. Another possible cause for the observed increase in the impedance
is the oxidation of the electrodes of the piezoelectric transducer.



Chapter 5

Validation study of a
polymer-based acoustofluidic
device

5.1 Motivation

Polymer-based acoustofluidic devices open up many possibilities in the field of point-of-
care diagnostics by enabling the fabrication of devices outside the cleanroom environment
leading to a decreased cost per chip. However, polymer-based devices for acoustic particle
separation are still largely unexplored. So far, the analysis of such polymer devices has
been mainly limited to experimental studies [11, 12, 18-22, 24]. However, the whole-system
ultrasound resonance (WSUR) model developed by Moiseyenko and Bruus [26] in 2019
introduced a paradigm shift in the understanding of resonance modes observed in polymer
chips. This chapter aims to extend our understanding of the underlying mechanism of
acoustophoresis in polymer chips by comparing experimental and numerical results.

The work of Paper I [1], presented in this chapter, acts as the cornerstone of the
feedback loop to allow subsequent optimization of polymer-based devices. In order to
develop high-performance acoustophoresis devices made from polymers, it needs to be
validated that our numerical model can correctly predict the experimental performance
of the device. In this chapter, an acoustofluidic device milled from the polymer PMMA,
using a design following conventional glass chips but utilizing anti-symmetric actuation as
proposed in Refs. [26], is presented. Experimental results of the devices’ ability to focus
5 nm-diameter polystyrene particles are compared with numerical results. Furthermore,
the focusability F(f) is introduced as a metric to compare device performance across
frequencies f between experiment and simulation.

To extend beyond the work of Paper I [1], a 1D model of transverse resonances of
polymer chips perpendicular to the actuation direction is discussed at the end of this
chapter. While the resonance modes of polymer devices are typically too complex to
utilize such 1D models, they can aid numerical optimization by providing the dimensions
of an initial geometry.

41
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(a)

Fluid channel
PMMA chip

PZT transducer
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Figure 5.1: (a) Image of the polymer-based acoustofluidic device consisting of piezo-
electric transducer and PMMA-based microfluidic chip. An anti-symmetric electrical po-
tential j:% was applied to the split top electrodes to achieve anti-symmetric actuation.
(b) Numerical results of the displacement field of the whole chip at the system resonance
frequency f = 1.17 MHz with displacement magnitude u ranging from 0 nm (dark blue)
to 50 nm (yellow). The pressure field in the channel p; g ranges from —600 kPa (blue)
to 600 kPa (red). In the microfluidic channel, a pressure wave resembling a half-wave is
observed at this frequency. Figure adapted from [1].

5.2 Summary of the results from Paper I

Fig. 5.1(a) shows an overview of the polymer-based chip, which is studied in Paper I [1].
The microfluidic chip consists of micro-milled PMMA, and it is coupled to a piezoelectric
Pz26 transducer via a thin glycerol-based coupling layer. A slight groove separates the top
electrode of the transducer to allow anti-symmetric actuation with a constant voltage am-
plitude % = 15 V across the frequency range from 0.5 to 2.5 MHz. Numerical simulations
of a quarter of the actual geometry were performed, and symmetry boundary conditions
were utilized to obtain the results for the whole device, as shown in Fig. 5.1(b).

In the acoustic focusing experiments that were performed by Mathias Ohlin (AcouSort),
a strong resonance at a frequency of 1.14 MHz was observed with an acoustic energy den-
sity of 13 J m > in the fluid channel. The electrical input power has not been monitored
during the measurement, but based on the applied actuation voltage and the measured
admittance, the power dissipation of the system is estimated to approximately 200 mW
at this resonance frequency. Flow rates of up to 10 pL/min have been achieved experi-
mentally while maintaining focusing of 5 pm-diameter polystyrene particles in the PMMA
device.

In the numerically simulated fields, shown in Fig. 5.2(a), the driving mechanism for
this resonance is identified: a resonance of the polymer chip leads to an anti-symmetric
”squeezing” motion caused by the motion of the channel walls. This finding confirms
previous observations [18, 26], that the optimal driving frequency of polymer-based devices
is often far from the theoretical half-wave resonance frequency at f,, = 25)00}] ~ 2 MHz,
for a 375 pm-wide channel containing water.
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Figure 5.2: Overview of the numerical and experimental results of Paper I, adapted
from [1] (a) 2D cross-section of the simulated pressure field p; 4, displacement field u in the
polymer chip, and electric potential ¢ in the transducer, at f = 1.17 MHz. Furthermore, a
close-up view of the channel and the surrounding solid is provided, where the displacement
has been scaled up by a factor of 1000. (b) Comparison of the experimentally measured
(black) and simulated (green) admittance spectrum Y/maxY. (c) Comparison of the
measured and calculated focusability F, where a blue arrow highlights the non-existent
half-wave frequency fy /o

One measure to compare the numerical and experimental results across the frequency
range lies in the electrical impedance or admittance spectrum Y (f) = 1/|Z(f)|, as shown
in Fig. 5.2(b). Using manufacturer-provided material parameters for Pz26, we find a
good agreement in the frequency of the admittance maximum between simulation and
experiment, which differ by only 1 kHz.

Next, to quantify the focusing performance both experimentally and numerically,
the so-called focusability F is introduced. This quantity describes the relative fraction
of particles focused in the center of the channel, as described earlier in Section 4.3.2.
The experimentally-observed resonance frequency in the focusability spectrum, shown in
Fig. 5.2(c), deviates by only 2.6% from the numerically simulated resonance found at
1.17 MHz. Taking a closer look at the focusability spectrum, we note that some reso-
nances found in the simulation are not observed in the experiment and vice versa. Some
of the numerically found resonances result from the assumed perfect anti-symmetry in the
model. Other deviations are believed to stem from the poor knowledge of some of the re-
quired material parameters of the system, such as the complex-valued stiffness component
Cyy, relating to the transverse speed of sound and attenuation in PMMA.

A further observation that can be drawn from Fig. 5.2(b) and (c) is that in the experi-
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ment, the frequency of the admittance maximum and the focusability maximum coincide.
As will be discussed later in Chapter 7, in the case of constant voltage actuation, the power
dissipation of the piezoelectric transducer is typically highest at this frequency. Therefore
the most energy is supplied to the system at this frequency. In our numerical model, we,
however, find a mismatch between the admittance maximum and focusability maximum
by about 4 kHz. The best focusability coincides with a small local maximum in the admit-
tance spectrum. This mismatch might be due to the neglection of the vertical radiation
force F, Zrad when calculating the numerical focusability F. Utilizing particle tracking, as
done in Chapter 7, might therefore be beneficial for the computation of the focusability.

5.3 Transverse resonances in polymer devices

In Paper I [1], transverse resonances, perpendicular to the actuation direction of the chip,
are observed in the microfluidic channel and the polymer chip. These resonances include
longitudinal standing waves in the width of the polymer chip, which lead to a side wall
motion that causes a standing pressure wave in the fluid channel. However, the frequency
where these standing pressure waves occur does not match the frequency fy/p, which
would be expected for such a transverse standing half-wave in a hard-walled device. Good
focusing was observed at around 1.14 MHz, rather than the 2 MHz hard-wall frequency,
resulting from the channel width of 375 yum. Instead of a transverse standing half-wave,
typically in polymer devices, wavelengths closer to a quarter of the acoustic wavelength
Ao are observed in the fluid channel at resonance [11, 18-20].

Polymers typically have an acoustic impedance Z,jyme in the order of 1-3 MRayl,
while the acoustic impedance of glass or silicon is almost an order of magnitude larger.
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Figure 5.3: Schematic illustration of a 1D model of standing waves for different material
combinations. Aj, is the longitudinal wavelength in the solid material, and Ay is the
wavelength of the fluid. (a) Standing waves in a polymer chip with a polymer-filled
channel. (b) Waves in a glass chip containing a fluid channel. In this case, the hard-wall
boundary condition n - Vp; = 0 at the channel walls is fulfilled, and a standing half-wave
in the fluid channel is observed. (c) In the case of a polymer/fluid interface, the hard-
wall boundary condition is not justified anymore. In the illustrated case, a longitudinal
standing wave A, across the whole width of the polymer chip is seen. In this configuration,
the fluid channel supports a quarter wave \y/4 to match the stress at the solid boundaries.
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The hard-wall approximation (n - Vp; = 0) with a resulting standing wave confined
between the side walls of a microfluidic channel, therefore, is not accurate for polymer
devices. Polymer-based devices characteristically show a low reflection coefficient r ~ 0.3
for an acoustic wave traveling from the fluid to the polymer due to the similar acoustic
impedance of Zgjymer and Zyater for water. Therefore, the polymer chip’s eigenmode has
a substantial impact on the observed channel resonance, as explained by the WSUR model
[26]. A simple 1D model illustrates the standing waves in the horizontal direction of a
microfluidic device for different material combinations in Fig. 5.3.

In Fig. 5.3(a), a polymer chip with a hypothetical polymer-filled channel is shown.
In such a system, the formation of standing waves in the stress o,, in the horizontal y-
direction is expected. Fig. 5.3(b) shows a transverse resonator, if actuated vertically from
the bottom, with a glass chip and a fluid channel. Typically, standing half-waves in the
channel are observed in such a glass system. A large difference in the acoustic impedance
between glass and water causes the condition dyp; = 0 at the boundaries to be fulfilled.

For good performance, 1D design rules suggest side wall thicknesses of (2n + 1) % for
n € N, based on the longitudinal wavelength \;, in the chip material [55]. In contrast,
Fig. 5.3(c) visualizes a simplified 1D model of standing waves in a polymer system with a
fluid channel. Due to the similar acoustic impedance between water and many polymers,
the standing wave inside the fluid channel is no longer confined to the channel boundaries
and extends into the fluid domain. In such a system, the WSUR is the governing driving
mechanism of acoustophoresis in the channel. Therefore, the width of the chip and the
channel must be matched to the acoustic properties of the respective material. A good
starting point for numerical optimization is a chip width of A, and a channel width of
Ao/4, as visualized in Fig. 5.3(c).
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Figure 5.4: (a) The 2D simulation results of a polymer chip at a frequency of f = 1 MHz,
a voltage amplitude of py =1 V, and an input power of P, = 13 mW are shown. The
chip is made from COC, has a width of 2.46 mm, and contains a 371 pm-wide channel.
The displacement magnitude u and the pressure field p; are shown. (b) The horizontal
stress component o, (green) and the pressure p; (blue) along a 1D cutline (red) through
the device are shown. A standing wave is observed along the y-direction of the chip.



