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Abstract

Acoustofluidics is an interdisciplinary field involving acoustics and microfluidics. Acousto-
fluidic applications utilize the acoustic radiation force for label-free and gentle manipu-
lation of particles. The label-free and gentle manipulation make the acoustofluidic tech-
nology suitable for biomedical applications. As acoustofluidic technology has matured
throughout the last three decades, commercial interest has grown.

Typically, an acoustofluidic device is fabricated in silicon and glass using clean-room
techniques, but as companies try to commercialize the technology, alternative and cost-
efficient fabrication methods are desired, e.g., injection molded or 3D printed polymer
devices. However, designing polymer-based acoustofluidic devices is not a straightforward
procedure. Due to the low acoustic contrast between polymers and fluids, the design
principles from clean-room fabricated silicon and glass-based devices are no longer appli-
cable. Furthermore, the acoustic response in a polymer-based device is weakened due to
the leakage and attenuation of acoustic waves. Therefore, polymer-based acoustofluidic
devices require optimization to be competitive. Computer-aided device engineering can
be used to efficiently test and optimize device designs; doing so requires accurate modeling.

In this thesis, our recently developed UEIS method will be used to determine complex-
valued material parameters of different classes, including piezoceramics, a UV-curable
adhesive, a polymer, and a 3D-print resin. The UEIS method provides a low-cost, easy-
to-execute method that only requires simple equipment. The UEIS method is verified by
ultrasound-through transmission and laser-Doppler velocimetry. The UEIS-determined
material parameters enable precise and accurate modeling of polymer-based acoustofluidic
devices allowing computer-aided device optimization and accurate 3D-print prototyping.
Furthermore, we have developed a numerical model able to simulate acoustofluidic phe-
nomena in multiphysics and complex systems, including the transducer, the coupling layer,
and the fluid-filled microfluidic chip. The model capability is illustrated as we present
simulations of polymer-based acoustofluidic devices, including the calculation of particle
trajectories influenced by acoustic forces in continuous and stop-flow conditions. The
particle trajectories are compared to experimental tracks providing a frequency-resolved
one-to-one comparison between experiment and simulation without free parameters, i.e.,
an attempt to bridge simulation and experiment. I hope this thesis will provide insight
into the challenges and possibilities within the field of polymer-based acoustofluidics.
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Resumé

Akustofluidik er et tveerfagligt felt, der kombinerer akustik og mikrofluidik. Akusto-
fluidiske applikationer udnytter den akustiske stralingskraft til etiketfri og skansom ma-
nipulation af partikler. Den etiketfri og skansomme manipulation ggr denne teknologi
velegnet til biomedicinske applikationer. Efterhanden som teknologien er modnet gennem
de sidste tre artier, er den kommercielle interesse vokset.

Typisk fremstilles en akustofluidisk enhed i silicium og glas ved hjeelp af renrums
teknikker, men da virksomheder forsgger at kommercialisere teknologien, gnskes alterna-
tive og omkostningseffektive fremstillingsmetoder, f.eks. sprgjtestgbte eller 3D-printede
polymerenheder. At designe polymerbaserede akustofluidiske enheder er ikke ligetil. Pa
grund af den lave akustiske kontrast mellem polymerer og veesker er designprincipperne
fra renrums fremstillede silicium- og glasbaserede enheder ikke leengere anvendelige. Yder-
mere, er den akustiske respons i en polymerbaseret enhed svaekket pa grund af leekage og
dempning af akustiske bglger. Polymerbaserede akustofluidiske enheder kraever optimer-
ing for at vaere konkurrencedygtige. Computerbaseret modellering kan bruges til effektivt
at teste og optimere akustofluidisk enhedsdesign; det kraever dog ngjagtig modellering.

I denne afthandling vil vores nyligt udviklede UEIS-metode blive brugt til at bestemme
materialeparametre med komplekse veerdier af forskellige klasser af materialer, herun-
der to typer piezokeramik, et UV-hzerdet lim, en polymer og en polymer brugt til 3D-
print. UEIS-metoden er en billig og nem-at-udfere metode, der kun kraever simpelt udstyr.
UEIS-metoden verificeres ved ultralyd-transmission og laser-Doppler hastighedsmalinger.
De UEIS-bestemte materialeparametre muligggr praecis og ngjagtig modellering af poly-
merbaserede akustofluidiske enheder, hvilket ogsa muligggr computerstgttet enhedsopti-
mering og ngjagtig 3D-print prototypefremstilling. Desuden har vi udviklet en numerisk
model, der er i stand til at simulere akustofluidiske feenomener i multifysiske og kom-
plekse systemer, som inkluderer transduceren, koblingslaget og den vaeskefyldte mikro-
fluidchip. Modellens ydeevne og potentiale er illustreret, da vi preesenterer simuleringer
af polymerbaserede akustofluidiske enheder, herunder beregning af partikelbaner pavirket
af akustiske kraefter under kontinuerlige og stop-flow forhold. Partikelbanerne sammen-
lignes med eksperimentelle malinger, der giver en frekvensoplgst en-til-en sammenligning
mellem eksperiment og simulering uden frie parametre, et forsgg pa at forbinde simuler-
ing og eksperiment. Jeg haber, at denne athandling vil give et indblik i udfordringer og
muligheder inden for polymerbaseret akustofluidik.
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Chapter 1

Introduction

The concept and working principles of acoustofluidics applications will be introduced with
a focus on polymer-based devices. The introduction is followed by an overview of the
research and the thesis. The research overview ties together, relate, and motivates the
work published in the three papers listed in Chapter ”Publications in the PhD project”.
The thesis overview provides a description of each chapter’s content.

1.1 Introduction to polymer-based acoustofluidics

Acoustofluidics is an interdisciplinary research field involving acoustic waves and fluid
dynamics in sub-millimeter-sized microfluidic systems, typically at megahertz frequencies
in a laminar flow regime. For a laminar flow, particle trajectories are typically aligned
with the streamlines providing a controlled and smooth transport of suspended particles
without mixing. The particle trajectories can be manipulated by the acoustic radiation
force F,,q originating from the scattering of acoustic waves on a compressible particle.
The acoustic waves are commonly generated by a piezoelectric transducer actuated at the
desired frequency. Typically the acoustic radiation force is used to manipulate the particle
motion perpendicular to the streamlines in a continuous flow, i.e., sorting and separating
the particles facilitated by microchannel architectures. The movement of suspended par-
ticles through a fluid under the action of acoustic forces generated by acoustic actuation is
referred to as acoustophoresis. The concept of acoustophoresis is illustrated in Fig. 1.1, in
which the particles are focused toward the channel center and sorted in the middle channel
outlet by a trichotomous branching flow. Usually, acoustofluidic devices are actuated at a
resonance frequency where the acoustic response is at a maximum.

The manipulation of particles in acoustofluidic devices relies primarily on the acoustic
radiation force; a compressible particle suspended in a fluid exposed to a sound field will be
subject to a force originating from the stress induced by the scattering of acoustic waves.
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Figure 1.1: Conceptual sketch of acoustophoresis. (a) Top-view of a typical acoustofluidic
design for particle (black dots) sorting with a flow in the z-direction. (b) Cross-sectional
view of the channel in the yz-plane, in which a standing acoustic pressure half-wave is
illustrated as a surface plot from negative (blue) to positive value (red) symmetric around
zero (white). Due to the scattering of acoustic waves, particles will tend to move to
the vertical pressure node (bright) facilitated by the acoustic radiation force F,,q (yellow
arrows). The cross-section plane is indicated as a dashed line in (a). The figure is adapted
and modified from Ref. [4].

The acoustic radiation force depends on the particle and the fluid’s acoustic properties,
but also the acoustic pressure field, typically controlled by the channel geometry and ac-
tuation frequency. Particles are also affected by a drag induced by the acoustic streaming
vy; a steady flow generated by the attenuation of acoustic waves. The two forces compete
as the acoustic radiation force scales with the particle volume, whereas the drag induced
by the acoustic streaming scales with the particle size.

Acoustofluidic devices are capable of manipulating particles in a wide range from tens
of nanometer to tens of micrometer, primarily determined by the device design and the
acoustic wavelength in the fluid, given by the actuation frequency typically between kilo-
hertz and gigahertz. In this thesis, the range is narrowed down, focusing on the ultrasound
megahertz regime, i.e., sub-millimeter-sized acoustic wavelengths. This range is suitable
for manipulating ~10-pm-sized particles, e.g., circulating tumor cells as well as red and
white blood cells. An archetypical ultrasound acoustophoresis application is the separa-
tion of plasma from whole blood.

Acoustophoresis allows a gentle, label-free, and precise handling of particles. The par-
ticle size range covers most of the relevant biological particles in a typical liquid human
biopsy, from proteins to blood cells [5]. Which makes the acoustofluidic technology suitable
for a wide range of biomedical applications, including continuous-flow bioassay [6], trap-
ping of bacteria [7], tumor cell enrichment [8], determination of hematocrit [9], bacteria
detection [10], separation of living and dead cells [11], purification of lymphocytes [12] etc.
The applications can be sub-categorized into continuous-flow systems and acoustic traps.
In continuous-flow applications, particles are separated according to their acoustic prop-
erties relative to the fluid, whereas the acoustic traps retain particles against a flow. The
acoustofluidic technology has recently gained popularity within tissue engineering, where
acoustophoresis devices are used to manipulate and pattern cells typically submerged in
a biodegradable hydrogel [13-16].
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The acoustofluidic technology is now an established part of lab-on-a-chip systems and
has proven efficient in separating, focusing, and analyzing biological samples. These sys-
tems are often fabricated in acoustically hard materials such as glass and silicon using
clean-room techniques providing accurate and ideal resonators [6-11]. Acoustic hardness
refers to the acoustic contrast between the fluid and the surrounding channel material.
The acoustic contrast is defined as the ratio of acoustic impedance Z = Z,.. /Zy between
the surrounding material’s acoustic impedance Z,. and the fluid’s acoustic impedance Z;
defined as the product between the mass density and the sound speed. For glass and
water, the acoustic contrast is Z ~ 10, so the glass is said to be acoustically hard, which
signifies that the acoustic pressure field is confined to the channel. In acoustically hard
materials, the resonance frequencies can be approximated by the channel geometry, and
so the resonances are said to be hard-wall resonances. In this case, the model system can
be approximated to the channel geometry by using idealized boundary conditions for the
actuation as in Refs. [17-19].

For many biomedical applications, single-use is a requirement due to possible cross-
contamination. In this case, clean-room fabrication in glass or silicon is an expensive
procedure. Therefore, throughout the last decade, there has been a drive toward efficient,
fast, and cheap fabrication techniques involving polymers for commercializing acousto-
fluidic platforms. However, polymers are acoustically soft materials Z ~ 1, which means
that the acoustic pressure field is leaking and is no longer confined to the channel. There-
fore, instead of the ideal hard-wall resonances, the entire whole-system dynamics now
define the resonance frequencies. In Ref. [20], Moiseyenko and Bruus studied numerically
how an acoustofluidic device is affected by changing the microfluidic chip material from
glass/silicon to a polymer. By doing so, the acoustic contrast between the fluid and the
chip is comparable yielding complex whole-system-ultrasound resonances (WSUR). Fur-
thermore, the increased acoustic attenuation yields a weakened acoustic response. This
work was the first attempt to study and understand how polymers influences and affect
the acoustofluidic response; this was also the first step toward the start of this project.

To model polymer-based acoustofluidic devices, it is necessary to consider the entire
system, including the transducer, the coupling layer, and the microfluidic chip, and not
only the channel geometry. This also requires each component to be well-characterized
for the model to be applicable and representative. The model accuracy is limited by
the accuracy of the material parameters used as input to the model. These are sparsely
reported, and when they are, they are often insufficient due to incomplete information.
The scientific and technological motivation behind this thesis stem from this.
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The first attempts of using polymer-based devices have been published, showing ap-
plications such as purification of lymphocytes [12], focusing of red blood cells, lipids,
and polymer beads [21-25], as well as blood-bacteria separation [26]. Selected polymer-
based devices from the literature are shown in Fig. 1.2 and represent the current state
of polymer-based acoustofluidics. These devices can be sub-categorized as all-polymer
or partly polymer-based, referring to the materials used for microfluidic chip fabrication.
In Refs. [1, 27, 28] a polymer is used either as a cover or a spacer, typically fabricated
in polydimethylsiloxane (PDMS) for fast and easy prototyping. In Refs. [29-31], the
microfluidic chip is all-polymer based and fabricated in polystyrene (PS) or polymethyl-
methacrylate (PMMA). All of which consist of a polymer-based microfluidic chip glued
onto a transducer. This thesis investigates the physical consequences of introducing poly-
mers in acoustofluidic systems using numerical models validated and supported by exper-
iments. Apart from the studies by Moiseyenko and Bruus [20], the field of polymer-based
acoustofluidics has been predominantly holistic. Here, we will try to analyze and treat each
device component separately but also in combination to fully understand the dynamics
and driving mechanisms when using polymers for acoustofluidic applications.
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Figure 1.2: Selected pictures of polymer-based acoustofluidic devices from literature in
chronological order from (a) to (f). (a) A microchannel acoustophoresis device fabricated
using glass substrates and PMMA spacers for high-throughput separation of blood cells,
adapted from Adams et al. [27]. (b) A micro-milled aluminum-based acoustophoresis de-
vice with a PDMS cover for fast and easy prototyping, adapted from Gautam et al. [28]. (¢)
A PMMA-based acoustophoresis device for high-throughput platelet separation, adapted
from Gu et al. [29]. (d) An arrayed microchannel polystyrene-based acoustophoresis de-
vice, adapted from Dubay et al. [30]. (e) A micro-milled aluminum-based acoustophoresis
device with a PDMS cover for microparticle streaming studies in soft-walled systems and
split-electrode designs, adapted from Paper I [1]. (f) A PMMA-based acoustophoresis
device with split-electrode design, adapted from Lickert et al. [31].
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1.2

Overview of research related to this PhD project

The research related to this PhD project can be characterized as computer-assisted device
engineering within the field of polymer-based acoustofluidics. The outcome of the research
has been published in three peer-reviewed papers of different nature, but all related to
polymer-based acoustofluidics. All three papers either support or tries to bridge simulation
with experiment within the field of polymer-based acoustofluidics. The list below describes
how my research progressed and attempts to link together the research related to this
PhD project. Each item provides the motivation and story leading to each of the three
papers. The papers are the results of our pursuit of precise modeling of polymer-based
acoustofluidics with the ultimate goal of bridging simulation and experiment.

(1)

Modeling a polymer-based acoustofluidic device

Already in Paper I [1], a numerical model was implemented, tested, and validated.
The model includes the necessary components required to simulate acoustic phenom-
ena in polymer-based acoustofluidic devices. The model is based on perturbation
theory and effective boundary conditions to include viscous effects, enabling effective
modeling of acoustic pressure and streaming. The components included in the model
were the piezoelectric transducer, the fluid, and the PDMS-sealed aluminum-based
microfluidic chip. The fields included in the model are the electric potential, the me-
chanical displacement, the acoustic pressure, and the acoustic streaming. The model
enabled us to calculate the acoustic forces, including the acoustic radiation force and
the acoustic streaming drag, in realistic conditions without idealized boundary con-
ditions. The acoustic forces were then used to simulate the particle trajectories
influenced by the acoustic radiation force and the acoustic streaming. In this paper,
we studied the microparticle velocity fields in an aluminum-based microfluidic chip
with a PDMS cover for various particle sizes. This study is an extension to the
work by Gautam et al. [28], in which they studied a similar device for inexpensive
prototyping of acoustofluidic devices. We extended the study by varying the par-
ticle sizes, and furthermore, we considered a new and similar device but with an
anti-symmetric actuation for enhanced coupling. The anti-symmetric actuation was
achieved by a split-electrode transducer design with an anti-symmetric bias.

Complex particle velocity patterns were observed experimentally and numerically,
very different from classical acoustofluidic devices. The simulated results resembled
the observed velocity patterns, but we saw a mismatch in magnitude and resonance
frequencies. We quickly realized that our material parameters, used as input in the
simulations, were not well-characterized even though provided by the manufacturer.
After finishing the study, we realized that well-characterized material parameters
are required to model polymer-based acoustofluidic devices accurately.

Numerical coupling-layer analysis in classical acoustofluidic systems
It was evident that if we want to model complex polymer-based systems, we need
to understand the structural influence of each device component. This led to our
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studies in Paper II [2], where the coupling layer between the transducer and chip
was studied numerically. For completeness, we considered two classical designs, the
glass capillary with a localized actuation and the silicon-glass-based acoustophoretic
chip with bulk actuation. Two coupling layers were considered for each device, a
fluid (glycerol) and a solid (epoxy). The simulated results showed how the coupling
layer works as a dissipative layer. However, as the coupling layer thickness becomes
comparable to the wavelengths, the coupling layer also has a structural influence
on the system resonances. In this paper, we realized that layered 3D models are
well-approximated by 1D-layered models as studied in Refs.[32, 33].

(3) Material parameter determination for ultrasound applications

From here on out, we started looking into material characterization methods suit-
able for ultrasound acoustofluidic applications. Inspired by [34-38], I, together
with my colleague Fabian Lickert, developed the ultrasound-electrical-impedance-
spectroscopy (UEIS) method in Paper III [3], able to determine complex-valued ma-
terial parameters otherwise sparsely reported in the literature and rarely provided
by the manufacturer or supplier. The method is able to provide and determine ma-
terial parameters of different classes, including piezoceramic materials, UV-curable
adhesives, polymers, and 3D-print resins. With this method, we can now do table-
top in-house material parameter determination. The method is versatile, cheap,
easy to execute, and provides the missing tool for precise and accurate modeling of
polymer-based acoustofluidic systems.

1.3 Thesis overview

The content of this thesis will to a large extent, be the application of the ultrasound-
electrical-impedance-spectroscopy (UEIS) method for the determination of complex-valued
elastic moduli, presented and developed in Paper III [3]. The method will be used to
characterize acoustofluidic device components, including the piezoelectric transducer, the
glue, and the microfluidic chip, enabling precise and accurate modeling of polymer-based
acoustofluidic devices. The simulated results will be compared with experiments, including
electrical impedance measurements, laser-Doppler velocimetry, and acoustophoresis par-
ticle tracking.

The thesis is written in such a way that it is self-contained and links together the
main results contained in the associated papers. The papers are provided in Chapter 6
in agreement with the co-authors. The reader is encouraged to read them as they are
referenced throughout this thesis. The following overview provides a short description of
each chapter and suggestions for when to read the papers as the reader proceeds.
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Chapter 1 Introduction — The concept of polymer-based acoustofluidics is introduced
together with scientific and technological motivation.

Chapter 2: Theory of acoustofluidic devices — The equations required to model
an acoustofluidic device are derived. The equations to be solved involve the Helmholtz
equation for the acoustic pressure field, a Stokes flow equation for the acoustic stream-
ing, Newton’s second law for the mechanical displacement, and Gauss’ law for the electric
potential. The chapter will also present the acoustic energy density and the acoustic ra-
diation force. The governing equations are followed by a section including the necessary
boundary conditions to model an acoustofluidic device.

Chapter 3: Simulation of acoustofluidic devices — The basic concepts of the finite-
element method (FEM) are introduced together with the weak formulation used to imple-
ment the governing equations and boundary conditions. The weak formulation for an axi-
symmetric system is formulated, in a Cartesian-like formulation, enabling two-dimensional
modeling of an axisymmetric system. Furthermore, the theory of perfectly matched layers
(PML) is described, which can be used to truncate the modeled geometry. Finally, the
model is validated by numerical mesh convergence.

Chapter 4: Polymer-based acoustofluidics — The challenges of polymer-based
acoustofluidics are illustrated with selected model examples. The main results of Pa-
per I [1] are summarized, in which we studied the particle velocity patterns for a PDMS-
sealed aluminum-based acoustofluidic device. In addition, I present an analytical solution
to a soft-walled system providing new insight into soft-walled acoustofluidic systems ex-
plaining the velocity patterns and the shifted resonance frequency observed in Paper I [1].
It is appropriate to read Paper I [1] before reading Chapter 4.

Chapter 5: Characterization of acoustofluidic device components — Using the
UEIS method presented in Paper I1I [3], each device component is characterized, including
the piezoelectric transducer, the glue, and the microfluidic chip. The UEIS results are
supported and supplemented by verification measurements, including laser-Doppler ve-
locimetry (LDV) and particle tracking. The chapter is divided into three sections, one for
each device component. The final section regarding the microfluidic chip includes a recent
experimental and numerical study of the acoustic response, including particle trajectories
influenced by the acoustic radiation force. It is appropriate to read Paper III [3] before
Chapter 5, and Paper II [2] before Section 5.2.

Chapter 6: Published papers — In agreement with the co-authors, the papers pub-
lished doing this project are included in their original form together with the supplemental
material.



8 INTRODUCTION

Chapter 7: A 3D-printed polymer-based acoustofluidic device — This chapter
involves ongoing research, and we plan to publish the results in a fourth paper. The UEIS
method is used to characterize a resin used for 3D printing, and the UEIS-determined elas-
tic moduli are used to accurately design a 3D-printed polymer-based acoustofluidic device
for fast and easy prototyping. Finally, we analyze the device in terms of acoustic response
and acoustophoresis performance in steady flow conditions by numerical simulations.

Chapter 8: Conclusion and outlook — The thesis is concluded, and further outlooks
and perspectives are discussed.



Chapter 2

Theory of acoustofluidic devices

The equations governing the acoustic fields in fluids, solids, and piezoelectric materials,
are presented together with the boundary conditions used in implementing the numerical
model. The content is a detailed presentation of the theory used in the three papers
contained in Chapter 6 [1-3]. The presentation of the theory is inspired by the textbooks
[39-42] and will to a large extent, be a summary of the theoretical and numerical results
obtained in our group and published in Refs. [43-45]. Thermal effects are outside the
scope of this thesis, and any process is assumed to be isentropic. The equation of state
is used to relate pressure and density for a system in thermal equilibrium with constant
entropy per unit mass. After introducing the physical fields and presenting the equations
used in the numerical model, the boundary conditions will be presented in a dedicated
section. The boundary conditions will be grouped into fluid-solid, electrode-transducer,
and solid-air interfaces.

2.1 Acoustics in a fluid

The acoustic theory is derived using perturbation theory in the small parameter «, which
turns out to be the Mach number. The fluid dynamics are represented by the mass
density field p(r,t), the pressure field p(r,t), and the velocity field ©(r,t) all continuous
functions of space r and time ¢. The equations governing the dynamics of a fluid in thermal
equilibrium with dynamic viscosity 7y, bulk viscosity 778 , and viscous stress tensor T, are
the conservation of mass and momentum

hp =V - (59), (2.1a)
0,(p0) = —Vp+V -7 — V- (5od) + £, (2.1b)

where f is a general body force. For a Newtonian fluid the viscous stress tensor T reads

T =1 [Vf) + (VfJ)T] + (778 — 2770) (V-o)I, (2.2)

where the superscript T denotes the transpose of a tensor, and I is the unit tensor.
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The equations describing acoustic waves and acoustic streaming in fluids are obtained
by approximating the velocity, pressure, and density fields using a truncated perturbation
expansion to second order. For a general field g(r,t) the truncated expansion in « reads

g(r, t) = gO(T) + agl(Ta t) + Oé2§2(’l“, t)v (2'3)

where it is assumed that the unperturbed state gy(r) is time-independent and in thermal
equilibrium. Acoustic waves can be considered as a small perturbation p; to the equilib-
rium pressure p, or equivalently in terms of the mass density, which defines the expansion
parameter

o= il 12 oy (2.4)

Po Po

However, at resonance, having a quality factor ), a stronger requirement is obtained since
the expansion parameter o becomes Qo as shown in Ref. [19].

A closed set of equations can be obtained by the equation of state relating the pressure
p(p, S) to the mass density p and the entropy per unit mass S. Consider the functional
dependency p(p, S) for a fluid in thermal equilibrium and with constant entropy per unit
mass S. To first order, the Taylor expansion for the pressure p about the equilibrium pg

reads
p=nt (B) G-m=m+ (B2) (2.5

The partial derivative in Eq. (2.5) is identified as the isentropic sound speed squared

<%‘8’0)>S = cg. Collecting first-order terms in Eq. (2.5) gives the constitutive relation

P = cgﬁl between the first-order pressure field p; and the first-order density field p;. The
isentropic compressibility kg can be identified as

Ko = i (ap(]?O)> = ! PR (26)
Po 8]7 S PoCo

where the subscript S denotes a partial derivative at constant entropy per unit mass. The
constitutive relation between pressure and density will be used in the proceeding section
to provide a closed set of equations describing the acoustic fields in a fluid.

2.1.1 Acoustic pressure waves

Using the constitutive relation p; = cgﬁl for a quiescent fluid vy = 0 without external
forces, the collection of first-order terms in Eq. (2.1a) and Eq. (2.1b) gives a closed set of
linear partial differential equations

KoOpy = —V - vy, (2.7a)

- - - 1 -
o) =~ + w7+ 0+ 15 ) V(T ). (2.7h)
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In a linear system with a harmonic time response, given by the angular frequency w = 27 f
with excitation frequency f, the first-order terms can be written as g, (r,t) = Re [gl (r)efiwq
in terms of the complex-valued amplitude g;(r). By these means, the time-derivative 0,
can be substituted with —iw and the phase factor e ! can be factored out, leaving a set
of time-independent equations for which only the complex-valued amplitudes g;(r) needs
to be solved for. To obtain a single equation describing the first-order acoustic pressure
field pq, the velocity field is decomposed using a Helmholtz decomposition

v, =] + 'v(f, where Vxv¢=0 and V- v‘f =0, (2.8)

and so Eq. (2.7a) becomes
iwkgp; =V - vt (2.9)

By taking the divergence of Eq. (2.7b) and inserting Eq. (2.9), a single equation governing
the acoustic pressure field p; is obtained

1
Vipi = —kipi, with k= ki~ (1+i0) k), (2.10a)
b
ny 4 w 2T
F={—+3 ko= —=—. 2.10b
(770 + 3> Mowko, Ko o A ( )

The theory of acoustic pressure waves in a fluid is established, Eq. (2.10a) is a Helmholtz
equation with a complex-valued wavenumber k., proportional to the acoustic wavenumber
kg with acoustic wavelength A, and with a damping coefficient I'. The acoustic and fluid
properties for ultra-pure water are provided in Table 2.1 for f =1 MHz at 25°C.

The irrotational part of Eq. (2.7b) combined with Eq. (2.9) gives the irrotational
velocity in terms of the pressure gradient

Vi, (2.11)

which also satisfies a Helmholtz equation with wavenumber k.. By inserting Eq. (2.9) into
Eq. (2.4) the perturbation expansion parameter « can be identified as the Mach number

Table 2.1: Acoustic and fluid properties for ultra-pure water at f = 1 MHz and 25°C
[18, 46-49]. The fluid properties include the fluid mass density py, the dynamic viscosity
1o, the bulk viscosity 775’ , the isentropic sound speed ¢y, the isentropic compressibility
Ko, and the acoustic impedance Z; = pycy. The acoustic properties are evaluated at
f = 1MHz and include the acoustic wavelength A, the damping coefficient I', the viscous
boundary-layer thickness .., and the perturbation expansion parameter «.

b =V
Po Mo 7o Co Ko Zy A Pocw  yjge X w o

(kg/m®) (mPas) (mPas) (m/s) (1/TPa) (MPas/m) | mm - nm -
997.1 0.89 2.5 1496.7 448 1.5 15 1x107° 533 [l 1076

<]
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Ma = |vy|/cy. For typical acoustofluidic applications the velocity amplitude ranges be-
tween micrometer per second up to millimeter per second so Ma < 1 [1, 50-52].

Similarly, by considering the solenoidal part of Eq. (2.7b), the solenoidal velocity field
v‘f is found to be governed by a Helmholtz equation

1+i 2
V3! = —k2v, with k, = 5“, and Oy = 4| 200 (2.12)
visc wpPo

with a complex-valued wavenumber k, and the characteristic boundary-layer thickness
Oyisc- Notice how 'u‘li and vf are separated in length scales; at f = 1 MHz the viscous
boundary layer thickness is d,i,. = 533nm and the acoustic wavelength is A = 1.5 mm,
a three orders of magnitude difference. Solving the velocity field numerically on a dis-
cretized mesh requires both length scales to be resolved. However, Bach and Bruus [45]
circumvented this problem as they developed a theory that includes the viscous effects
analytically in the boundary conditions, leaving p; as the only required field when solving
first-order acoustics. This is possible since Re(k,) = Im(k,) signifies a heavily damped
solenoidal field that only exists in thin layers extending &, from the fluid-solid inter-
face. The fields 'vf and vf will be used as inputs to the boundary conditions presented in
Section 2.4.1.

2.1.2 Acoustic streaming and radiation force

The linear theory presented in Section 2.1.1 provides the necessary equations to model
acoustic pressure waves in a fluid. However, as mentioned in the introduction, there
exists another essential second-order effect called acoustic streaming: a time-averaged flow
sourced by the dissipation of energy contained in the acoustic waves. Acoustic streaming
can be sub-categorized into bulk-driven and boundary driven. Due to the no-slip condition,
the boundary-driven acoustic streaming arises from the large velocity gradients near rigid
walls, causing time-averaged shear stress driving the acoustic streaming. The bulk-driven
streaming arises from the dissipation of energy contained in traveling waves. The equations
describing the acoustic streaming v, are obtained by collecting the second-order terms in
Eq. (2.1) and taking the time-average

0= pOV + Vo + V. <ﬁ1’l31> y (213&)

0=V .0,—p)V (0,9)) ==Vpy + V-1 — pV - (0101), (2.13b)
2

Ty = 1o [V’U2 + (V’Uz)T} + <778 - 3770) (V-vy)I, (2.13c)

where the time-average operator (-) is defined as

W t+2m/w , ,
02(r) = (Ga(r, 1) = / Ga(r.t)dt’ (2.14)

T on
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When taking the time average of a product of two harmonic terms < §1B1>, the following
identity is useful

(. (1)) = 5 Re (01 (r)(r)") (2.15)

where the asterisk denotes complex conjugate.

As already mentioned, the boundary-driven acoustic streaming arises from the velocity
field adapting to the no-slip condition over a very short length-scale ;. ~ 500 nm. Both
the acoustic wavelength and the boundary layer must be resolved to model the acoustic
streaming. Numerically this is challenging since the boundary layer is several orders
of magnitude smaller than the acoustic wavelength. To overcome this challenge, Bach
and Bruus [45] developed an effective theory enabling the modeling of acoustic streaming
without resolving the boundary layer. In this theory, the viscous boundary layer effects are
accounted for in an analytical slip-velocity boundary condition. The theory separates the
acoustic streaming into a short-ranged velocity vg decaying within the viscous boundary
layer and a long-ranged 'vg existing in the bulk domain. The long-ranged part of Eq. (2.13)
can be approximated as an incompressible Stokes flow

0=V - ’Ug, (216&)

T'w
0= —Vpld+ V20§ + — <p1v§i> : (2.16b)
Co

where the short-ranged 'vg is included in the boundary condition and evaluated in terms
of the first-order acoustic fields. The Helmholtz Eq. (2.10a) and the incompressible Stokes
flow Eq. (2.16) constitute the equations required for effective modeling of the first and
second-order acoustic phenomena in a fluid, given by the acoustic pressure field p; and
the acoustic streaming field vg .

Acoustic energy density

The energy density is the sum of kinetic and potential energy densities and is another
time-averaged second-order quantity. For a quiescent fluid, the time-harmonic velocity

disturbances v, yields a time-averaged kinetic energy density % 0o <f)% > The time-averaged

potential energy density for a fluid compressed by an excess pressure p; is %K,O <]§%> The

acoustic energy density F,. is defined as the spatial and time-averaged sum of kinetic and
potential energy density

= L (L (82) & 2eo (7 I B T B S
Ey\ = V/Q (2,00 <v1>+2no <p1>) dV = V/Q <4p0|v1| +4/<;0|p1| ) dv.  (2.17)

The acoustic energy density spectrum F,.(f) is used to locate resonance frequencies and
as a measure of the acoustic response.
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Acoustic radiation force

Another important second-order quantity is the acoustic radiation force F,,q, which forms
the foundation for acoustofluidic applications and acoustophoresis. The acoustic radiation
force arises from the scattering of acoustic waves on a compressible particle suspended in
a fluid. In general, the acoustic radiation force is calculated by integrating the stress o
exerted by the fluid on the time-dependent particle surface 9€2(t) with normal vector n

and taking the time-average
F..q= ?{ o-ndA). (2.18)
a0(t)

The conservation of momentum and Gauss’ theorem can be used to re-formulate the inte-
gral in Eq. (2.18). For a time-harmonic response, the collection of second-order terms in the
time-averaged rate-of-change of the momentum density (9;(pv)) is zero, as in Eq. (2.13b),
so the volume integral must also be zero

0= / (V.09 —pgV - (0107)) dV. (2.19)
Q

Consider a fluid domain 2 enclosing a solid particle, then by using Gauss’ theorem, the
volume integral in Eq. (2.19) can be re-written as a static surface integral 0€,,; enclosing
the particle plus the integral evaluated on the time-dependent particle surface 9(t) of
opposite sign due to the normal vectors pointing in opposite directions

0= 7290“ (9 — po (0101)) - mdA — <7g9(t) o- ndA> . (2.20)

The complicated time-dependent surface integral in Eq. (2.18) can now be replaced by a
steady surface integral enclosing the particle

Froaqa = j{Q (3 — po (0101)) - ndA4, (2.21)
out

which comes by the cost of the momentum-flux density p, (0;9;) entering the integral. In

Ref. [43], Settnes and Bruus studied the acoustic radiation force on a particle exposed to

a standing acoustic pressure wave in a viscous fluid, leading to the following expression

for the acoustic radiation force on a particle of radius a, compressibility «,, and density

Pp

P’

2K " * *
Fl.qa= —ma’ {30 Re (f1p1Vp1) — poRe [f2 (Uf) : Vvﬂ } ) (2.22)
where the monopole f; and dipole f, scattering coefficients are
K 2[1—1](p—1)
=1-—-2 = 2.23
fl K/O’ f2 215 +1— 3,_)/ ) ( a)
3 . < < . ~ pp N 5ViSC
=== [1—1—1(1—1—5)] 0, with p=— and §=-—"T". (2.23b)
2 0 a
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For an idealized standing acoustic pressure wave p; = p, cos(kgz), the acoustic energy
density becomes F, . = %Fcopi and the acoustic radiation force simplifies to

F,.q = 4n0a’ ko E,. sin(2ky2), (2.24)
where the acoustic contrast factor ® is defined as
1 1 %
¢ = gfl + 5 Re(f2), (2.25)

which determines the sign and the amplitude of the acoustic radiation force, relative to
the acoustic field strength.

2.2 Acoustics in an elastic solid

The acoustic fields in a fluid are driven by the no-slip velocity condition at the fluid-solid
interface. To fully understand and study the acoustofluidic response, the dynamics in
the surrounding elastic material must be included. The equation of motion governing the
mechanical displacement field @ in an elastic solid, undergoing small strain |Va| < 1,
with mass density py and stress tensor o, is governed by Newton’s second law

pgOiu =V -o. (2.26)
The gravitational body-force term has been neglected since it only leads to a tiny static

deformation.

In a linear system subject to a time-harmonic response, the first-order perturbed dis-
placement field can be written as @;(r,t) = Re [ul(r)e_lwq so Eq. (2.26) becomes
— pgwu; =V -0o. (2.27)
The constitutive relation between the symmetric stress o and strain s = % [V'&l + (Vﬁl)T
for an elastic solid in thermal equilibrium, is given by the stiffness tensor C
o=0Cs. (2.28)

Using the Voigt notation, the symmetric stress and strain tensors can be reduced to six-
dimensional vectors

oy = (Umxv Oyys Oz2yOyzs Oxzs Umy)7 (229&)

SV = (am’U/Lx, 8yu17y, aZ’U,LZ, ayul’z + 8ZU17y, aZ,ULZ —+ ({“)Zulvx, 8$U1’y =+ 8y’U,17$), (229b)

and the constitutive relation in Eq. (2.28) can be compactly written as

Ogx Chi Cin Ciz Cuy Ci5 Cis OpU1 g

Oyy Cia Gy Coy3 Oy Oy Oy ayul,y

Oz | _ Ci3 Coy3 C33 Oy O35 Cyg D uy (2.30)
Oy Cuu Cu Csy Cu Cys Cyg Oyuy . + 0 ury |- '
Oz Cis Co5 Cs5 Oy Css Csg Opuy , + O uy 4

Oy Cig Co Cs6 Cus Csg Cgg 3x“1,y + 3y“1,x



16 THEORY OF ACOUSTOFLUIDIC DEVICES

The material’s crystal symmetry gives the number of elements and the structure of the
stiffness tensor. For an isotropic elastic solid, e.g., glass and polymers, the stiffness tensor
structure is

Cll 012 012 O 0 0
012 Cll 012 0 0 0
. o 012 012 Cll O 0 0
CISO - O 0 0 044 0 0 ’ (231)
4

0 0 0 0 Cy 0
0 0 0 0 0 Oy

where C9 = C;; — 2Cy4 leaving two independent coefficients Cy; and Cyy. In general,
the stiffness tensor is complex-valued C = C’ +iC" signifying mechanical losses, which
means that a complete description of an isotropic elastic material requires five material
parameters including the mass density pq.

2.3 Linear piezoelectricity

One way to generate ultrasound is to drive a piezoelectric material at megahertz frequen-
cies using a function generator, exploiting the piezoelectric effect; by applying an electric
voltage to a piezoelectric material, the piezoelectric coupling yields a mechanical defor-
mation. To describe the dynamics of a piezoelectric material, the mechanical fields are
supplemented by the electric potential ¢, the electric field E = —V ¢, and the electric
displacement field D = eE. Assuming no free charges, the electric potential inside the
piezoelectric material is governed by Gauss’ law

V.-D=0. (2.32)

The constitutive equations describing the piezoelectric effect in the stress-charge form
are given in terms of the stiffness tensor C, the dielectric tensor €, and the piezoelectric
coupling tensor e

o=Cs—e'E, (2.33a)
D =es+€E. (2.33b)

For a piezoelectric transducer belonging to the comm symmetry class [53], which will be
the case for the piezoceramic materials considered in this thesis, the stress-charge form is
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compactly written using the Voigt notation

Cll 012 013 0 0 0
012 Cll Cl3 0 0 0

_| Cis Ci3 C3 0 0 0

C=1 9 0o 0 ¢y 0o o | (2.342)
0 0 0 0 Cyu O
0 0 0 0 0 Cg
0 0 0 0 €15 0

e=| 0 0 0 es 0 0], (2.34b)
€31 €31 €33 0 0 0
€11 0 0

€ = 0 €11 O y (234C)
0 0 €33

where Cgs = 3 (C1; — Cjp). As in Eq. (2.31), the parameters are complex-valued, leaving
a total of 20 independent parameters to be determined for a complete description of a
oomm piezoelectric material. The notation M = M’ +iM" is used to distinguish real and
complex-valued parameters. The use and development of a method for the determination
of both real and complex-valued parameters contained in Egs. (2.31) and (2.34) will, to a
large extent, be the main scope of this thesis.

2.4 Boundary conditions

This section presents the boundary conditions between the different interfaces, including
the fluid-solid interface, the electrode-piezoceramic interface, and the solid-air interface.
Together with the governing equations in the respective domains, this forms the theoretical
foundation for the numerical implementation.

2.4.1 Fluid-solid interface

The coupling at the fluid-solid interface is what drives the acoustic fields inside the fluid.
The fluid velocity has to satisfy the no-slip condition, and the stress has to be continuous
at the fluid-solid interface 0€2,;, with normal vector m pointing into the fluid domain.
Using the effective theory in Ref. [45], where the viscous boundary layer effects are in-
cluded analytically in the boundary condition, the no-slip and continuous stress boundary
conditions are

i
T
o-n=-pn+ iksnovf, for € 00y, (2.35b)

v on = —iwu, - n \E (vf) ”, for € 00y, (2.35a)

where the subscript || denotes the parallel component with respect to the surface 9.
Notice how the viscous effects are accounted for as a slip-like velocity in the no-slip con-
dition Eq. (2.35a) and as shear stress in the continuous stress condition Eq. (2.35b).
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To avoid explicit reference to 'Uf, we use v‘ls = (—iwu1 — v‘f), which is exactly the

first-order no-slip condition. Instead of the long-ranged velocity field vf, Eq. (2.35a) can
be written in terms of the pressure gradient

(n-V)p = = <—iwul v ul) - = (kgpl + 3721191) ) (2.36)
ks ks

where the operator 02 is defined as 82 = (n - V)(n - V). Equations (2.35a) and (2.36)

constitute the necessary boundary conditions to model acoustic pressure waves in a fluid,

where the viscous boundary layer effects have been analytically taken into account in the

boundary conditions.

When calculating the acoustic streaming, the no-slip condition has to be satisfied to
second order, yielding a Stokes drift condition

Vg = — <('Ll,1 . V) 'Ul> for r S 8Qint‘ (237)

Again, the results obtained by Bach and Bruus [45] are used to implement the boundary
conditions required to avoid explicit reference to fields existing in the boundary layer near
the fluid-solid interface. To second-order, the analytical inclusion of viscous effects in the
no-slip condition results in a slip condition sourced by the first-order terms

v = (A 1)t + (A to)ty + (B n)n, for re 0y, (2.38a)
A= —% Re [('U(D* -V <;v‘1S — wu1> + wul - Vol
. (2.38b)
(20 (of) 1 {7 i v o (o) T} ) of].
B = i Re [i ('v‘li)* : V'vﬂ : (2.38¢)

The effective boundary conditions in Eq. (2.35) and Eq. (2.38) are valid for weakly curved
boundaries and thin boundary layers ¢,/ min(A, R) < 1, where R is the curvature length-
scale at the fluid-solid interface with unit tangent vectors ¢; and t,.

2.4.2 Electrode-piezoceramic interface

The excitation voltage amplitudes give the boundary conditions between the electrodes
and the transducer interface. Typically one of the electrodes is grounded (0€¢jec 1) While
the other (0 2) is driven at a sinusoidal signal with a constant voltage amplitude Vj,

Y1 = V1 = 0, fOI' rc 89616671, (239&)
Y1 = V2 = %, fOl" r e 3Qe1€c’2. (239b)

Experimentally, the electrical impedance Z is easily obtained using an impedance analyzer
when applying the voltage to the piezoelectric element. Throughout this thesis, the electri-
cal impedance will be used to characterize piezoelectric transducers and elastic materials.
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By matching the measured electrical impedance spectrum to the simulated, the simula-
tions can be used to decipher the signal providing insight into the dynamics. The electrical
impedance is calculated by dividing the voltage difference, between the electrodes, by the
current [

Vo—N

z==2—L (2.40)

The current is calculated by integrating the current density J, = 9, (D — eoE) over one
of the electrodes

I= / J, ndA= —iw/ (D —¢yE)-ndA, (2.41)
aQelec,2 89elec,2
where n is the normal vector to the electrode surface and ¢; is the vacuum permittivity.

2.4.3 Solid-air interface

The zero-stress boundary conditions are imposed on exterior surfaces 9€)..; between solid
and air
n-og=0 for re Q. (2.42)

In reality, there is a stress due to viscous shear and ambient pressure from the surrounding
air. Consider a solid vibrating at f = 1 MHz with an amplitude of |u;| = 1 nm. The shear
stress exerted on the solid by the fluid can be approximated by an oscillating boundary,
where the velocity has to completely develop on a length-scale 3,5, = \/ 2./ (Pairw) ~
2 pm, yielding a shear stress 7,;,w|u|/d,, ~ 50mPa. In a typical acoustofluidic device,
the stress magnitude is in the order of MPa, so the zero-stress boundary condition is a
good approximation. Furthermore, the compressibility of air is much smaller than typical
elastic solids.

The zero-stress boundary condition is accompanied by a zero free-charge density con-
dition at boundaries 02, between the piezoelectric transducer electrodes and the air

n-D=0 for recdQy. (2.43)






Chapter 3

Simulation of acoustofluidic
devices

The weak formulation will be derived, which forms the basis for solving differential equa-
tions using the finite-element method (FEM). The weak formulation will be re-formulated
in the case of an axisymmetric system, enabling efficient modeling by reducing an axisym-
metric three-dimensional geometry into a two-dimensional model domain. Furthermore,
the technique of perfectly matched layers (PML) is presented. The PML technique is used
to truncate numerical model domains in cases of non-reflecting outgoing waves. Finally,
a model is validated by numerical mesh convergence and evaluated using different sets of
polynomial test functions and mesh structures.

3.1 The finite-element method

The equations required for the numerical model implementation have been established in
Chapter 2, and a method to solve and satisfy the differential equations and boundary con-
ditions is needed. Here, we will use the finite-element method (FEM) to approximate the
solution to the governing differential equations on a discretized mesh with an appropriate
set of test functions. Here, the weak formulation is established, which will be the mathe-
matical basis for constructing approximate solutions to the governing equations given the
boundary conditions. When using the finite-element method, a physical domain  with
boundary 02 is discretized into a finite number of mesh vertices n = 1,2,..., M con-
nected by mesh elements, as illustrated in Fig. 3.1. The solution to a field g(r) obtained
by the finite-element method is approximated and represented by a superposition of test
functions g(r) as

M
9(r) = Y cdalr), (3.1)

n=1

21
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Figure 3.1: Sketch of a two-dimensional domain €2 (gray) with boundary 9 (red line)
represented by a triangular mesh with a maximum mesh-element size ¢. Here, the test
function g,, is chosen to be a first-order polynomial with value 1 at vertex n, located at
r,, and 0 at adjacent vertices.

where the coefficients c,, are to be determined by numerical procedures. The test functions
g, (1) are continuous and holds the compact properties

() = {O’ 7, (3.2)

1, m=n.

The equations governing the fields included in our model can all be written in the
generic form

V- Jlg(r)] = Flg(r)] =0, (3-3)

known as the strong formulation in which J can be interpreted as a generalized flux density
and F' as a generalized force. The weak formulation is constructed by substituting the
approximation Eq. (3.1) into Eq. (3.3), which leads to a defect d(r) written as

V- Jlg(r)] = Flg(r)] = d(r). (3-4)

The strong formulation is approximately satisfied if the projection of d(r) onto any test
function g,,(r) vanishes

/Qs?m(r)d(r) dv = /ng(r) {V - Jlg(r)] = Flg(r)]} dV =0, (3.5)
which is known as the weak formulation. For a linear mapping J(g(r)] = >, ¢,J[§,(7)]
and Fg(r)] = )", ¢, F[g,(r)] the weak formulation Eq. (3.5) can be written as

M

3 ( [ ) (7 300, = Flgnr)]} dv) e =0, (3.64)

n=1

compactly written as
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corresponding to M number of algebraic equations with unknowns ¢,, to solve for. The
numerical task will be to calculate the integrals contained in K,,,, and solve for the con-
stants ¢,, to represent the approximate solution in Eq. (3.1). In the proceeding section,
the boundary conditions will be considered and added to the weak formulation, resulting
in a non-zero right-hand side of Eq. (3.7), which means that the unknown coefficients ¢,
can be obtained by matrix inversion procedures.

3.1.1 Boundary conditions implemented in the weak form

Here, two classes of boundary conditions are considered, one specifying the field value
g(r) = h(r) at the boundary 92 and another specifying the normal flux density

n-J = q(r) at the boundary 99 . These are known as Dirichlet and Neumann boundary
conditions, respectively. The boundary 9€) surrounding the domain §2 is the union between
0Qp and 0Qy. The boundary conditions can be accessed by expanding Eq. (3.5) using
integration by parts

/ (Vi) T+, Fldv = [ gn-JdA+ / Gom-JdA. (38)
Q

00 o

The Dirichlet condition specifying the field value g(r) = h(r) for r € 9Qp implies that
the test function g,, must vanish on the surface r € 9, and together with the Neumann
boundary condition n - J = ¢ the weak formulation Eq. (3.8) becomes

AﬂV%IJ+%INV=Amﬁm@NA )

g(r) = h(r) for redQp,

reducing the number of equations to be solved by the number of vertices contained in
00 p. The matrix inversion problem Eq. (3.7) can then be written as

K, nCp =by,, for r, € QUINy, and (3.10a)
b, = h,,, for r, €0Qp. (3.10b)
where
&M=A«V%yﬂm+mJMBac (3.11a)
b, = / Gq(r) dA. (3.11D)
00

The matrix inversion problem is generated in three steps: first, the coefficients contained
in K,,, are assembled by calculating the integrals. Secondly, the Neumann boundary
conditions are imposed to calculate b,,, and finally, the Dirichlet boundary conditions
overwrite b,,, for r,, € 0Qp.

Notice how the expanded version of the weak formulation in Eq. (3.8) is easier to solve
compared to Eq. (3.6) since the complicated divergence V -J is replaced by Vg,,, which is
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Table 3.1: FEM details for implementation in CoMsoL MULTIPHYSICS, including the
field name, the polynomial order (2D/3D), governing equation, the generalized flux density
J, the generalized force F', the boundary condition, and the type of boundary condition.

Pol.
Field order Gov. J F Bound. Type
(2D/3D) eq. cond.
1 4™ /37 1 Eq. (2.10a) Vp, —k’p, Eq. (2.36) Neumann
vs 3rd/2]rld Eq. (2.16b) nOV'vg —pir —E—;’ <p1v(11> Eq. (2.38) Dirichlet
P4 2" /15" | Eq. (2.16a) 0 OV g Jo p4dV =0 Global constraint
Uy 4th/3rd Eq. (2.27) o —psleul Eq. (2.35b) Neumann
o | 4™/3" | Eq. (2.32) D 0 Eq. (2.39) Dirichlet

known analytically given the set of polynomial test functions. The weak formulation is an
integrated part in the CoMsOL MULTIPHYSICS software, and by using the "weak form PDFE
module”, the specific J and F are to be specified together with the appropriate class of
boundary condition. For each field, the numerical details are given in Table 3.1, including
the polynomial order of the test functions, the flux density J, the force F', and the class
of boundary condition. In the equations governing the acoustic streaming, Eq. (2.16), the
second-order gradient pressure field Vpg appear as a source term in Eq. (2.16b), the pg
level is then set by using a global constraint defined as fQ pg dV =0.

3.2 Symmetries

When a system features certain symmetries, symmetry boundary conditions can reduce
the model geometry. For example, consider a mirror plane with the surface normal n;
the model geometry can be reduced by one-half by imposing zero normal components and
zero fluxes across the mirror plane. The boundary conditions on a mirror plane are given
explicitly for each field in Table 3.2.

Another type of symmetry is axisymmetry, for which the geometry is rotationally
invariant. For axisymmetric geometries, the model domain can potentially be reduced
from a three-dimensional to two-dimensional model geometry. This reduction will not only
halve the degrees of freedom but reduce it by a factor proportional to the mesh element

Table 3.2: List of symmetry conditions imposed on a mirror plane with normal vector n
and tangent vectors ;. The symmetry conditions are tabulated for each field included in
the model and classified as Dirichlet or Neumann, referring to the field value or the flux.

d
P1 Vg u; V1 B. c. type

Normal component n- vg =0 n-u; =0 Dirichlet

Flux n-Vp, =0 ti~(nOva—ng>~n:0 t;i-o-n=0| n-D=0 | Neumann
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size divided by the geometry length scale, typically in the order of 1072 depending on
the frequency and the geometry. A two-dimensional axisymmetric model is achieved by
transforming Eq. (3.5) into cylindrical coordinates (r, ¢, z) assuming ¢-independent fields
and re-writing it into a form identical to Eq. (3.5). By introducing the Cartesian-like
gradient V,., = (0,.e, + 0,e,) the axisymmetric version of Eq. (3.5) becomes

/Qﬁm(r) {V,, - J.,—F,}drdz=0. (3.12)
The task is now to find the transformed J,., and F,, which satisfy Eq. (3.12).

In Table 3.1, it is seen how J appears either as a vector or as a tensor, in the case of
J being a vector, the transformed J,, and F,., becomes

J,.,=2nr(J,e.+ J,e,), and F,, =2nrF, (3.13)

where J, and J, are the flux density components in cylindrical coordinates. In cases where
J appears as a tensor and F' as a vector, the transformed J,, and F,, reads
JT’Z = 27TT {JTT‘eT’eT + JTZeTeZ + JZT'eZeT‘ (3 14)
+J..e.e, + Jgeeq+ Jz¢eze¢} ,

and 3
FTZ = 27T7"F =+ 27TJ¢¢6T — 27TJ¢TG¢, (315)

where F is the cylindrical transformation of F. All fields are considered independent
of ¢ and with zero ¢ components. Implementing the axisymmetric version of the weak
formulation for a scalar field is straightforward and only acquires a factor 27r as shown
in Eq. (3.13). However, for a vector field, the implementation requires knowledge of the
tensor components in J,., and the extra terms appearing in F,,, for the acoustic streaming
'vg the non-zero components are

d d
JT(TU2) - (noarvg,r - pg) ) JT"(ZUQ) = 77082’03,7“7

(3.16a)
d d
Jz<rv2) = nOarvg,zv JZ<:2> = (anzvg,z - pg) ’
(véi) Ug,T d
T <t (3.16b)

Similarly, the transformed components for the mechanical displacement field in an isotropic
solid are provided

u u re
Jr(r D = C110,uy, + Cho ( :ﬂ =+ azul,z) )
Jngl) = Jgfl) = CY44 (8ru1,z + azul,r) ’ (3173)

1
Jz(gl) = 012;@ (Tul,r) + 110, 4,

Ul’
Jé)gl) = C20puy, + Oy Tr

+ 012(92“172. (317b)
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For the constitutive relation in Eq. (2.33a), the mechanical displacement field is sup-
plemented by the electric field given by the piezoelectric coupling tensor. For a comm
piezoelectric material, the axisymmetric transformation gives the following non-zero com-
ponents

Jﬁng%) = C10puy, + C'12% + C130,uy . + €310,

Jﬁgﬁ—wjl) = Jz(:'l'l(_)(pl) = C’44 (arul,z + azul,r) + 61587“(107 (318&)
1

Jimeed) - 013;@ (ruy,) 4+ Cs30,uy , + €330, 0,

u
Jd()’;lﬁ@l) = 0126Tu1,r + Cll% + Clgﬁzul,z + 6318290, (318b)

Except for the first-order no-slip condition in Eq. (2.36) and the acoustic streaming slip-
condition in Eq. (2.38), the boundary conditions are not altered by the axisymmetric
implementation apart from V — V... (x,y,2) — (r,z), and the Neumann conditions
acquiring a factor of 2mr due to the surface integral.

The axisymmetric formulation of the first-order no-slip condition in Eq. (2.36) is

u

1,r
r

)| - (2notn). o)

, w
[—wul s (Vm cuq + s

S
in this case, the boundary condition acquires an additional term u;—r due to the divergence.
Similarly, for the acoustic slip condition Eq. (2.38), the divergence contributes with extra
terms, and the boundary condition in axisymmetric coordinates is written as

2 s <'U17 ) *
A=Ay |21V +w& v, (3.20a)

= 2 r r
B,. = B, (3.20b)

where the three-component Cartesian vectors in A and B are replaced by the two-
component cylindrical vectors with r and z components together with V — V... Further-
more, for any vector field, i.e., u; and Ug , the r-component has to be zero at the rotational
axis at r = 0 since the fields have to be invariant of ¢.

3.3 Perfectly matched layers

A perfectly matched layer (PML) is a numerical technique used to truncate computational
domains in numerical simulations. The technique is typically used to simulate prop-
agating waves in unbounded domains but can also be used in finite domains whenever
an outgoing wave is completely attenuated and non-reflecting. The technique involves an
artificial domain in continuation of the physical region of interest, which absorbs incoming
waves. Mathematically this is achieved by a complex coordinate transformation: for a
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wave traveling in the z-direction with angular frequency w = 27 f, the complex coordinate
transformation inside the PML domain (Lppys < & < Lppys + Lpm) is

r—x+ ;/ p(s)ds, for x € [Lyhys, Lphys + Lpmils (3.21)
Lphys

and whenever the partial derivative 9, appears, it should be replaced by

1

Oy > ————
1+ (@)

Oy, for € [Lynys, Lpnys + Lpml[- (3.22)

The task is now to appropriately define the absorbing function p(z). In this thesis, we use
an unbounded continuous absorbing function of the form

phys> (3.23)
phys»

uiw) = T (iC—L — ch , for x> L

{0, for <L

pml— phys) pml

as in Ref. [54], which provides a PML layer without spurious reflections at x = Lyj,ys+Lpmi,
even though the thickness of the PML layer L, is finite and comparable to the wavelength
A = ¢/f, where ¢ is the sound speed in the physical domain. In cases where the PML
contains two different materials, as in Paper II [2], the PML size Ly, should be comparable
to the wavelength in the material with the largest sound speed. The solution should be
independent of the PML domain size and properties, which is verified by a numerical
convergence test as in Paper II [2].

3.4 Numerical mesh convergence analyses

The numerical models are verified by numerical mesh convergence as in Ref. [17]. The
convergence measure £ is defined as the Ly-norm of the difference between a field variable
g(r) and the best possible resolved field solution g,.¢(7)

2
— dv

fQ ‘gref’2 dv

A model is converged when £ reaches a pre-desired limit, in this case, 1% for the first-
order fields and 10% for the second-order fields. In the elastic domains, the maximum
mesh-element size ¢ = A\, /A is given by a fraction of the transverse wavelength A, in
terms of the mesh scale A. Similarly, the maximum mesh element size in the fluid domain
is given as a fraction of half the acoustic wavelength ¢ = A/(2A). By sweeping the mesh
scale A, the mesh is gradually refined, and the convergence measure £ is calculated as g
approaches g,.r.

The convergence measure £ can be used to find the optimal set of polynomial test func-
tions. Consider the sets of polynomial test functions in Table 3.3. For each set, a mesh
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Table 3.3: Sets of polynomial test functions used to find the most efficient set. Each
entry indicates the polynomial order used for the test functions for each field.

d d
u Y1 N Uy P2

Set 1 2nd 2nd 2nd 2nd 1st
Set 2 3rd 3rd 3rd 2nd 1st
Set 3 4th 4th 4th 3rd 2nd

convergence is conducted by evaluating £ as the mesh is gradually refined. The results are
plotted in Fig. 3.2, showing the convergence measure as a function of degrees of freedom
(DOF). Set 3 provides the most efficient convergence; the first-order fields have converged
below 1% at 29,810 DOF and the second-order fields below 10% at 207,900 DOF. This
mesh convergence was calculated for a model including all the field variables presented in
Chapter 2. The model consists of a water-filled polymer cavity glued onto a piezoelectric
transducer, similar to the model used in the studies presented in Section 5.3.1 and Chap-
ter 7.

0 1 2 3 4 5 6
Degrees of freedom (10°x DOF)

Figure 3.2: Mesh convergence for different sets of polynomial test functions. The corre-
sponding set of polynomial test functions is provided in Table 3.3. The vertical magenta
lines indicate the DOF at which the first-order fields have converged below 1%, whereas
the green vertical lines indicate at which DOF the second-order fields have converged be-
low 10%.
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Furthermore, the convergence measure can be used to evaluate and find the most
efficient mesh structure. In this case, the convergence measure £ is calculated using the
polynomials in ”Set 3” in Table 3.3 for an unstructured free triangular mesh, a structured
mapped mesh, and a mix of the two for various mesh scales A. In each case, the degrees
of freedom are evaluated together with £, and the results are plotted in Fig. 3.3. For
this model, the unstructured triangular mesh has reached the desired limit of £ = 1% at
A = 1.5 with 29,810 DOF for the first-order fields. In comparison, the two other cases
require A = 2, yielding 40,000 degrees of freedom. The second-order fields require A =5
for the free triangular mesh and A = 5.5 for the mapped and mixed mesh, all yielding
~200,000 DOF. This is an example of how a numerical mesh convergence is conducted
and how the mesh can be optimized in terms of structure. In this case, the free triangular
mesh provided the most efficient mesh structure. Another example of a mesh convergence
is given in Paper III [3] in Fig. S1.

10° o
10~ =
102 g e
Gy — P
" 1073 o =
10" g |t

10~ & |—DOF
107; N T 1();; A
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
mesh scale A (-) mesh scale A (-) mesh scale A (-)

Figure 3.3: Convergence measure £ as a function of maximum mesh-element size ¢ =
Air/A given by the mesh scale A for three different mesh structures: (a) An unstructured
triangular mesh, (b) a structured mapped mesh, and (c) a triangular mesh in the fluid
domain and a structured mesh in the solid domains. Each mesh is shown for f = 1 MHz.
The vertical magenta lines indicate the mesh scale at which the first-order fields have
converged below 1%, whereas the green vertical lines indicate at which mesh scale the
second-order fields have converged below 10%.






Chapter 4

Polymer-based acoustofluidics

The concepts and challenges of working with polymer-based acoustofluidics are illustrated
and discussed. Different model examples demonstrate the challenges arising from an all-
polymer-based acoustofluidic device, including idealized actuation modeling and micro-
fluidic chip-material variations. In Paper I [1], we studied the particle velocity fields in
PDMS-sealed aluminum-based acoustofluidic devices. This study was our first attempt to
bridge simulation and experiment for a polymer-based acoustofluidic device. The results
will be summarized in a dedicated section, and as a bonus, an analytical solution to an ide-
alized 2D system resembling the PDMS-sealed aluminum-based device will be presented.
The original paper is included in Chapter 6 with permission from the co-authors.

4.1 Whole-system ultrasound resonances in polymer-based
acoustofluidics

Generally speaking, acoustofluidic devices can be grouped into two groups referring to
the propagation of waves: one type which is driven by an interdigital transducer (IDT)
array, providing what is called surface acoustic waves (SAW), and another type of device
driven by bulk acoustic transducers, where the propagation of waves are referred to as
bulk acoustic waves (BAW). Surface acoustic waves are, as the name indicates, waves that
propagate on the surface of a substrate, whereas bulk acoustic waves propagate through-
out the entire bulk. Only BAW devices will be considered in this thesis.

Commercializing the acoustofluidic technology for biomedical applications implies cer-
tain restrictions for the fabrication processes. Especially for single-use applications, the
production cost has to be minimized. Transitioning to polymer-based devices is one way
to accommodate this. Consider, for example, the AcouPlast project: aiming to tap into
a 900-million-euro-per-year market by developing a polymer-based acoustofluidic chip to
separate plasma from whole blood, enabling point-of-care diagnostics with single-use car-
tridges. The project has the title ”Acoustofluidic blood plasma separation polymer chip
for Point-of-Care diagnostics”. It is a collaboration between the companies AcouSort AB
and Ortofon A/S, and the Technical University of Denmark and Lund University.

31
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The project is funded by the Furostars 2 program, supporting innovative research and
product development for commercialization. [55]

For the last ten years, polymer-based acoustofluidics have gained interest, and the field
is still maturing. The term polymer-based acoustofluidics refers to the inclusion of a poly-
mer in the microfluidic chip design, examples are: spacers for microfluidic channels [27, 56],
cover films [1, 28], and all-polymer-based microfluidic devices [12, 29-31]. Typical poly-
mers used for acoustofluidic device fabrication are polystyrene (PS), polydimethylsiloxane
(PDMS/silicone), and polymethylmethacrylate (PMMA /acrylic). Acoustic properties for
selected polymers, glass, and silicon are provided in Table 4.1.

In a classical acoustophoresis device fabricated in either glass or silicon, the acoustic
resonance frequency can be approximated by the so-called hard-wall resonance frequency
given by the channel dimensions, the fluid sound speed ¢y, and the desired mode. Con-
sider, for example, the hard-wall half-wave resonance frequency f)/, = m/cvﬁ achieved by
tuning the frequency near to where the channel width W, matches half the wavelength.
In a hard-wall system, the acoustic waves are confined to the fluid due to the large acou-
stic contrast between the fluid and the microfluidic chip material, which provides ideal
resonators with large quality factors. Furthermore, a hard-walled system provides the
necessary conditions to approximate the no-slip condition by the zero-velocity boundary
condition n-Vp; = 0, which in turn provides ideal acoustic eigenmodes decoupled from the
surrounding solid. This approximation holds in systems where the material surrounding
the fluid has a much larger acoustic impedance compared to the contained fluid. However,
by introducing polymers, the acoustic impedance is comparable to water, and the acoustic
waves begin to leak out since the surrounding material yields to the fluid motion. As a
result, the surrounding material can no longer completely sustain the acoustic pressure
waves. The extreme case is that of a free liquid where p; = 0 on the interface, for polymers
we find ourselves in the regime between the hard-wall n - Vp; = 0 and the zero stress
condition p; = 0, and the boundary conditions can no longer be approximated be either
of the two.

Table 4.1: Acoustic properties of selected solids at 25°C and f = 1 MHz, including the
mass density pg, the longitudinal sound speed ¢, the longitudinal wavelength A,, the

acoustic impedance Z,. = pqc,, and the acoustic contrast Z,./Z, between solid/water
and Z,./Z,;, for solid/air, where Z,;, = 410 Pas/m.

Density Sound speed Wavelength Acoustic impedance Acoustic contrast Source
Psl Clo )‘lo Zac Z:)C ﬁ
(kg/m®) (m/s) (mm) (MPas/m) - -
Silicon 2329 8435 8.4 19.6 132 48 x 10° [57]
Glass 2520 5824 5.8 14.7 9.8 36 x 10° [34]
PMMA 1162 2486 2.5 2.9 1.9 7% 10° Paper III [3]
Polystyrene | 1050 2350 2.5 2.89 1.7 6x10° 58]
PDMS 1031 1030 1.0 1.1 0.7 3x10° [59]
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In Ref. [20], Moiseyenko and Bruus studied how a classical acoustophoresis device is
affected by changing the microfluidic chip material from glass/silicon into PDMS/PMMA.
Instead of the classical hard-wall resonances observed in glass and silicon-based devices,
the resonances are now classified as whole-system-ultrasound resonances (WSUR), relying
on the acoustic contrast between the chip and the surrounding air. As a result, the design
principles relying on hard-wall resonance are no longer applicable. Instead, the acoustic
resonances in the fluid are strongly coupled to the motion in the surrounding material.

Modeling a polymer-based acoustofluidic device is a challenge. The concept of WSUR
requires each device component to be well-characterized to represent the whole-system
dynamics accurately. Otherwise, the model results can be misleading. In Ref. [20], Moi-
seyenko and Bruus studied numerically the consequences of introducing polymers com-
prising the microfluidic chip material in a classical acoustophoresis design sketched in
Fig. 4.1(a.1). Their model consisted of a 2D-cross section comprising the channel ar-
chitecture. The system was driven by an idealized actuation, approximating the actual
actuation given by the transducer. This section extends the study by including a piezo-
electric transducer to show the effect of having an idealized actuation versus the actual
actuation given by the piezoelectric transducer. The study is further extended by consid-
ering a glass-based capillary device illustrated in Fig. 4.1(b).

The two devices sketched in Fig. 4.1 are probably two of the most studied acoustofluidic

designs. The microfluidic chip design shown in Fig. 4.1(a) is a classical acoustophoresis
device studied in Refs. [20, 50, 52] for the separation of plasma from whole blood. In

Fluid (b.2) glass~, Fluid

R .
\ .
.
' .
' ) .

(a.2) glass

Figure 4.1: (a.l) Sketch of the classical acoustophoresis device experimentally studied in
Refs. [20, 50, 52] comprising a glass-based microfluidic chip glued onto a bulk transducer
for separation of particles in a continuous flow. (b.1) Sketch of the glass-based capillary-
tube device studied in Refs. [2, 7, 60-63] comprising a glass-based capillary tube glued
onto a small transducer for acoustic particle trapping. The cross-sections, corresponding
to the 2D model geometries, are shown in (a.2) and (b.2) for each device, respectively,
together with component labels.
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this device, a horizontal half-wave pressure resonance is generated by a bulk ultrasound
transducer to migrate large and heavy particles into the vertical pressure node facilitated
by the acoustic radiation force. In this context, particles are large when the particle size
is much larger than the viscous boundary layer thickness d.;,. ~ 500nm and heavy when
the particle compressibility r,, is smaller than the fluid compressibility r, i.e. when the
acoustic contrast factor Eq. (2.25) is positive.

In this type of device, the fluid motion is perpendicular to the thickness mode in the
piezoelectric transducer driving the resonance, so the device is said to be a transversal
resonator. The model geometry and dimensions are similar to that in Ref. [20]: a channel
of width Wy, = 377um and height H, = 157pm embedded in a glass chip of width
Wehip = 2.52mm and height H,;, = 1.5 mm. The model is now extended by including a
piezoelectric transducer of width 12mm and thickness 1 mm, off-centered by 2mm. The
device is illustrated in Fig. 4.1(b.1) and the model is limited to the 2D cross-section illus-
trated in Fig. 4.1(b.2).

The glass-based capillary tube device sketched in Fig. 4.1(b) is also a classical and
thoroughly studied device, see for example Refs. [2, 7, 60-63]. This device utilizes a pres-
sure node parallel to the transducer thickness mode to focus particles into the horizontal
plane. Furthermore, the localized actuation yields an in-plane acoustic radiation trapping
force, able to trap and retain particles against a flow. In this case, the fluid motion is
parallel to the transducer thickness mode driving the resonance, so this device is said to
be a layered resonator. The model geometry and dimensions are similar to that in Pa-
per IT [2]: a channel of width 2 mm and height 200 pm embedded in a glass capillary with
wall thicknesses of 140 nm glued onto a transducer of width 3.4 mm and thickness 0.5 mm.
Both models consist of a glass-based microfluidic chip glued onto a lead-zirconate-titanate
(PZT) piezoelectric transducer. The parameters used to model the piezoelectric trans-
ducer are that of a Pz27 piezoceramic with parameters from Paper III [3], and the glass
parameters are that of SLS float glass taken from Ref. [34].

4.1.1 Idealized actuation versus transducer actuation

To illustrate the effect of having an idealized actuation versus the actual actuation, the
acoustic energy density spectrum E,.(f) is simulated for the two cases. The idealized
actuation is implemented as a displacement boundary condition w,. = u,.(y)e, between
the transducer and the microfluidic chip interface. For the acoustophoresis device, the
idealized actuation is antisymmetric around the channel centered at y = 0 with the shape

Y 3
uact(y) = dO (Wh + 2> ) (41)
chip

and
uact(y) = dO? (42)

for the glass-based capillary tube device. Both with an actuation amplitude of dy = 0.2 nm.
The results are shown in Fig. 4.2 for both devices. The E,.(f) spectra show how the
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idealized actuation causes a mismatch between both devices’ resonance frequencies and
acoustic response. With the idealized actuation, there is no chance to bridge simulation
with experiment without the use of free parameters, and the results can be misleading.
However, the idealized actuation can be used to study general trends and fundamental
acoustic phenomena in the fluid at single-frequency actuation and hard-wall systems, as
in Refs. [17-20]. For a complete description, the idealized actuation is insufficient. The
transducer must be included in the model, especially for polymer-based acoustofluidics,
where the complex whole-system ultrasound dynamics give the acoustic response.

4.1.2 Microfluidic chip material transition

To illustrate how the acoustic response is affected by going from a glass-based to a polymer-
based microfluidic chip, an artificial material with mass density p(s), and stiffness compo-
nents Cﬁ) and Cﬁ), is defined as a linear interpolation between glass and PMMA

p(s) _ p(pmma) + (p(glass) . p(pmma)) s, (4‘33)
S mma, lass mma

e = e+ (o - o) s (1.30)
s mma lass mma

cl = el + (el — ol 15

given by the parameter s. The PMMA parameters are taken from Paper III [3], and the
glass parameters are taken from Ref. [34]. The effect of this material transitioning is
illustrated with a model example, where the acoustic energy density spectrum E, (f) is
calculated while sweeping the parameter s, which defines the microfluidic chip material.

‘ — Transducer — Idealized ‘ — Transducer — Idealized |

E.. (Pa)

|
|
I
|

0.5 1 1.5 2 25 1 2 3 4
f (MHz) f (MHz)

Figure 4.2: Idealized actuation versus transducer actuation for two classical acousto-
fluidic devices. (a) Acoustic energy density spectrum E,.(f) for a glass-based acousto-
fluidic device using an idealized actuation versus the coupled transducer actuation. (b)
Similar to (a) but for a glass-based capillary trapping device. The ideal half-wave resonance
frequencies are indicated as dashed vertical lines at f)/, = 1.99 MHz for the device shown
in (a) and 3.74 MHz for the device shown in (b). The model geometries are shown as
inserts in each figure.
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This procedure is conducted for both the acoustophoresis device and the capillary trap-
ping device. The results are illustrated in Fig. 4.3(a)-(b). In both cases, the plot shows
how E,.(f) gradually degrades as the microfluidic chip material approaches the polymer
PMMA. For the acoustophoresis device design, Fig. 4.3(a), there are three major reso-
nances in the case of s =1 (glass); these frequencies are shifted towards lower frequencies
as s — 0 (PMMA) and are almost completely degraded in terms of the acoustic energy
density. In the case of the capillary-tube device, there are two major resonances, these are
also completely degraded as s — 0, but the resonance frequencies remain almost constant
while varying the microfluidic chip material.

To evaluate the acoustofluidic performance, the figure of merit F(f) is also evaluated
while sweeping s. The figure of merit F(f) is a measure of how efficient the particles are
focused and was first introduced in Ref. [20] and slightly modified here

fy _ f Sgn(_y)Frad,y danC f Sgn(_z)Frad,z dv Eam
f ‘Frad,z’ dv f ’Frad,y‘ dv

and F, =

(4.4a)

where sgn(y) extracts the sign of y. The figure of merit F, is suited for acoustophoresis
applications in which particles are focused toward the vertical channel-center line at y = 0.
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Figure 4.3: Surface plot of the simulated acoustic energy density spectrum FE, (f) as a
function of microfluidic chip material varying linearly between PMMA (s = 0) and glass
(s = 1) for two classical acoustofluidic devices: An acoustophoresis device in (a) and an
acoustofluidic capillary trap in (b). (c) and (d) are similar to (a) and (b), but instead
of E,.(f), the figure of merit spectrum F(f) is plotted on a logarithmic scale. The ideal
hard-wall half-wave resonance frequencies f),, = 1.99 MHz, and 3.74 MHz are indicated
as vertical lines in each plot. The 2D model geometries are shown as inserts in each plot.
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Similarly, for the capillary device, the merit F, is large when the radiation force is uni-
form and points toward the horizontal pressure node at channel mid-height z = 0. These
measures can be modified to suit the desired acoustic radiation force field.

In Fig. 4.3(c)-(d) the figure of merit spectrum F(f) is plotted as s is varied. This
plot illustrates how the acoustofluidic performance is affected when transitioning into a
polymer-based device. The picture is the same; the acoustophoresis performance is de-
grading as s — 0. However, the performance in the capillary-based device seems robust
to the material transition compared to the acoustophoresis device.

Section summary: It is evident that one cannot just replace a glass or silicon-based
microfluidic chip with a polymer and expect it to work. For polymers, the hard-wall
resonance condition is no longer a good approximation since the acoustic impedances are
comparable, and the lower sound speed in polymers complicates the system resonances.
As seen in Fig. 4.3, the effect is most pronounced in the acoustophoresis device; here,
the resonance frequencies are shifted, and the acoustic response is completely degraded
for s = 0 (PMMA). For the capillary device, the picture is different. In Fig. 4.3(b), the
acoustic response is also degrading as s — 0, but the resonance frequencies are almost
constant as s is varied. From these results, we can conclude that acoustic resonances
parallel to the primary thickness mode of the transducer (layered resonators) are more
robust compared to the perpendicular case (transverse resonators).

To compete with classical glass/silicon-based devices, the polymer-based needs design
optimization. In virtue of the WSUR concept, the system components must be well-
characterized and considered in the model, including not only the transducer but also
the glue and the microfluidic chip. If we want to understand and model polymer-based
acoustofluidic devices, we simply need a complete and well-characterized model of the
acoustofluidic device without idealized boundary conditions for the actuation. The char-
acterization of each device component will follow in the next chapter.
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4.2 Microparticle acoustophoresis in a polymer-based acoustoflu-
idic device

This section provides a summary and discussion of Paper I [1] including the main results
and the faced challenges doing this study. The paper is included in Chapter 6 in its orig-
inal form, in agreement with the co-authors.

This study was our first attempt to model a polymer-based acoustofluidic device. The
model included an aluminum-based microfluidic chip that was sealed with a PDMS cover
and glued onto a piezoceramic Pz26 transducer. Two devices were studied. The first
device consisted of an aluminum-based microfluidic chip fabricated using micro-milling.
The channel was sealed using a PDMS cover, and the transducer was mounted on the
side. The second device was similar, but instead of mounting the transducer on the side,
a split-electrode transducer with anti-symmetric bias was mounted on the bottom for en-
hanced coupling of anti-symmetric modes. The two devices are sketched in Fig. 4.4. A
similar device was studied by Gautam et al. [28] for simple and inexpensive acoustophore-
sis, achieved by simple fabrication techniques and low-cost materials. In Paper I [1], we
used a similar approach to fabricate the devices. We extended the work by Gautam et al.
[28] as we varied the particle diameters ranging between 1 and 4.8 um, thereby probing
the acoustic streaming. Furthermore, we studied a similar device having a split-electrode
transducer for enhanced coupling. Numerical simulations supported the experiments to
gain insight into the device dynamics.

The particle velocity field was analyzed in both devices by experimental and simulated
particle tracking of polystyrene particles with diameters 1, 2, and 4.8 pm. The measured
and simulated particle velocity fields are shown in Fig. 4.5 for the two devices at resonance.
The resonance frequencies were located at f = 2.048 MHz for the side-mounted transducer
and f = 2.095MHz for the split-electrode transducer, both very different from the ideal
half-wave resonance frequency fy;, = 1.7MHz. For the smallest particles, the acoustic

Figure 4.4: Sketch of the devices studied in Paper I [1]. (a) A PDMS-covered aluminum-
based microfluidic chip with a Pz26 transducer mounted on the side. A 2D cross-sectional
view is shown together with the electrode bias: grounded (cyan) and biased (red). (b)
Similar to (a) but with a transducer mounted beneath the channel with a split-electrode
design. The cross-sections comprising the model geometries are shown in both (a) and
(b). The figures are modified and adapted from Paper I [1].
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Figure 4.5: Left panel: Simulated and measured particle velocity fields for the side-
actuated aluminum-based device with a PDMS cover. The simulated and measured parti-
cle velocity fields were evaluated for polystyrene particles with diameters 1, 2, and 4.8 pm.
The particle velocity fields are illustrated as surface and vector plots where each row corre-
sponds to a certain particle diameter in descending order. The transducers were actuated
at 20 V peak-to-peak, and the particle velocity magnitude ranges from 0pum/s (light) to
Umax (red), ranging between 19 and 40 pum/s as indicated in each figure. The channel
width and height are respectively W, = 440pm and Hy = 200pum. The right panel is
similar to the left panel but for the anti-symmetrically actuated device, achieved by a
split-electrode transducer with anti-symmetric bias. The figures are modified and adapted
from Paper I [1].

streaming dominated the particle velocity field resulting in two large rolls and two small
rolls near the soft lid. For the largest particles, the acoustic radiation force dominated the
velocity field, exhibiting focusing toward the center and the soft PDMS cover.

For soft walls where the stress exerted on the fluid is vanishing, the acoustic streaming
boundary condition Eq. (2.38) reduces to a Stokes drift v§ = <(u1 - V) vil>, since the zero

stress implies 'U‘f = 0 on this interface. The generated streaming in devices with soft walls
fundamentally differs from streaming induced by a standing pressure wave in fluids sur-
rounded by hard walls, where the acoustic streaming is primarily dictated by the tangential
velocity gradients. Since the bottom wall is hard and the top wall is soft, the acoustic
streaming is a mix of the two mentioned situations. This led to a numerical study where
the aluminum chip was sealed at both top and bottom with PDMS covers. The acoustic
response was optimized numerically by manually tuning the top and bottom cover film
thicknesses. The microfluidic chip was actuated by a split-electrode design for enhanced
coupling of anti-symmetric resonances. The device and the simulated particle trajectories
are shown in Fig. 4.6. With this soft-walled design, the acoustic streaming was suppressed,
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Figure 4.6: (a) Cross-sectional view of a double-sided PDMS-covered aluminum-based
device design for sub-micron acoustophoresis. (b) Simulated 1-pm-diameter-polystyrene
particle trajectories. The channel dimensions are W, = 440pm and Hy = 200 pm,
identical to the device in Fig. 4.5. The figures are modified and adapted from Paper I [1].

and the resulting simulated particle velocity field for 1-pm-diameter polystyrene particles
mimicked the classical acoustophoresis focusing towards the vertical pressure node. How-
ever, due to the vanishing stress near the top and bottom, some particles migrated to the
top and bottom interfaces.

Section summary: Even though our model included the piezoelectric transducer, the
aluminum-based chip, and the PDMS sealing, the predicted numerical resonance frequen-
cies were off by 2-12% and 30-50% for the particle velocity magnitudes. Retrospectively,
the model was inaccurate and incomplete due to the poorly characterized and missing ma-
terial parameters. The microfluidic chip was glued onto the transducer using superglue and
neglected in the model due to insufficient and missing material parameters. The PDMS
and the aluminum parameters were rather well-characterized. However, the piezoelectric
parameters provided by the manufacturer were simply not well-characterized, causing in-
accurate modeling, as will be discussed and investigated in the proceeding chapter. The
uncertainties in the model parameters were too many, and from this point on, our pursuit
of a complete model with well-characterized material parameters began. The following
chapter will be dedicated to material parameter determination and component character-
ization for acoustofluidic application.

Analytical solution to the acoustic pressure field in a soft-wall system

As a bonus to Paper I [1], I present an analytical solution to the acoustic pressure field p;
in an idealized 2D soft-wall system. The system resembles the PDMS-covered aluminum-
based acoustofluidic channel cross-section, and the walls are represented by either soft
or hard-wall boundary conditions. The solution provides insight into the particle veloc-
ity field and the shift in resonance frequency, both different from classical hard-walled
acoustophoresis devices.
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Consider a rectangular fluid channel of width W, and height H, centered at Origo
in the yz plane. The channel is uniformly actuated on the side-walls at y = +£W, /2

with a constant velocity magnitude Re <voefiwt e, in the y direction. The bottom wall
at z = —Hg, /2 is stationary, and the top wall at z = H, /2 is free. The corresponding
idealized boundary conditions are
—i w.
- =y, f =+ 4.5
“po yP1 = Vo or y 9 (4.5a)
H
d,p =0, for z=— 2Ch, (4.5b)
H,
pr =0, for z= 2Ch. (4.5¢)

The solution to the Helmholtz Eq. (2.10a) with k. ~ k is solved by separation of vari-
ables with the acoustic wavenumber k‘g = k, + k7. In virtue of Eq. (4.5a), the acous-
tic pressure solution is anti-symmetric around y = 0 and the solution is of the form
p1 = [cg cos(k,z) + cysin(k,z)] sin(k,y). The relation

H H
¢, = —cytan (kz 2Ch> and ¢y = —c; tan <k‘220h) , (4.6a)

between the constants ¢; and ¢, is determined by Egs. (4.5b) and (4.5¢), which is satisfied
for k, = k" = 57—(2n + 1) yielding

i [cos ( ) — (=1)"sin (kgn)zﬂ sin(k,y). (4.7)

The constants ¢, are determined by Eq. (4.5a)

k Z [cos (kz(n ) — (=1)"sin (ki")zﬂ cos <l<:y V[;Ch> = iwpguy. (4.8)

Multiplying both sides of Eq. (4.8) with [cos (kgm)z) — (=1)"sin <k£m)z>} followed by

an integration in z from —Hy,/2 to H, /2 gives

dsin (37)  wpyoy

=T Wan )’
ch
k‘ycos (ky 5 )

(4.9)

n

arriving at a final expression for the acoustic pressure field

< dsin(57)  wpouy
p1(y;2) ZZI o AT
i y COS \ Ny (4.10)

X [cos (kzgﬁ)z> —i" 'sin (kzgﬁ)zﬂ sin(k,y),




42 POLYMER-BASED ACOUSTOFLUIDICS

where 7 is an odd integer. Theoretically, the resonance frequencies are identified as minima

in the denominator i.e. when k, = WL}"HN”L, where m is an odd integer. The acoustic
C.

wavenumber k; at resonance becomes

- 2 - 2
. 2 D) mm nmw w 2 f
=4/ = = — = — 4.11
kO(m, n) ky " kz \/(Wch> * <2Hch> Co Co ( )

Consider the lowest resonance frequency

2
c ~ ~
fres,O: \/fi/?"i_ <4H(r)h) , for n=m=1 (4.12)

Notice how the classical half-wave resonance frequency f) /o = ¢o/(2W,) is shifted due to
the appearance of a soft lid. For the channel dimensions W, = 440 pm and H, = 200 pm
studied in Paper I [1], the analytical obtained resonance frequency Eq. (4.12) becomes
Jres,0 = 2.51 MHz, very different from f)/, = 1.7 MHz due to the low channel aspect ratio.
For the two devices studied in Paper I [1] and sketched in Fig. 4.4, the experimental
resonance frequencies were observed at 2.048 and 2.095 MHz respectively, different from
the analytically obtained but both larger than f),, = 1.7MHz. The analytical solution
for the acoustic pressure field is plotted in Fig. 4.7 at f,.s o = 2.51 MHz for an arbitrary
velocity magnitude, together with the resulting acoustic radiation force vector field. The
resulting acoustic radiation force field is very similar to the observed particle trajectories
in Fig. 4.5 for the largest particle diameters. In this case, the acoustic radiation force
dominates the particle velocity field, demonstrating particle motion toward the channel
center and the soft PDMS cover.

P p1 =0

iw/)() Vo
iwpovo
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Figure 4.7: Analytical solution to the acoustic pressure field p; and the acoustic radiation
force F,,q for a fluid-filled channel with oscillating side walls, a soft lid, and a fixed bottom
wall. The channel dimensions are W, = 440 um and Hg, = 200 pm. The acoustic pressure
field is plotted as a surface plot from minimum (blue) to maximum value (red) symmetric
around zero (white) at fieso = 2.51 MHz. The acoustic radiation force F,q is evaluated
for 4.8-pum-diameter polystyrene particles. The F,,q is plotted as a vector plot (green
arrows) with lengths proportional to the magnitude. The boundary conditions used in the
analytical model are indicated on each boundary, and the side-wall actuation is indicated

with magenta arrows.



Chapter 5

Characterization of acoustofluidic
device components

In Section 4.1, the concept and challenges of polymer-based acoustofluidics were discussed
and illustrated with model examples, motivating the need for well-characterized device
components and well-determined material parameters for reliable modeling. This chapter
presents an in-depth analysis and characterization of each device component for ultrasound
acoustofluidic applications, including the piezoelectric transducer, the coupling layer, and
the microfluidic chip, in combination, comprising an acoustofluidic device.

The content structure is similar to Paper III [3], in which the UEIS method was devel-
oped, providing an easy-to-execute method for determining complex-valued elastic moduli.
The chapter will be divided into three sections: the first section is dedicated to the char-
acterization of piezoelectric transducers involving electrical characterization and piezoce-
ramic material determination. The material parameters are validated by laser-Doppler
velocimetry, comparing simulated and measured displacement amplitudes at several fre-
quencies.

The second section is dedicated to the transmission and coupling of acoustic waves
through the coupling layer between the transducer and the microfluidic chip. This sec-
tion includes a summary of the main results obtained in Paper II [2] and is followed by a
material characterization of a UV-curable optical adhesive, in which the complex-valued
elastic moduli are determined by the UEIS method.

In the third and final section, the UEIS method will be used to determine a poly-
mer’s complex-valued elastic moduli, which will be used to fabricate an all-polymer-based
acoustofluidic device. The device consists of an all-polymer-based microfluidic chip cou-
pled onto a disk-shaped transducer using the characterized adhesive. The acoustofluidic
device will be characterized in terms of the acoustic response by measuring particle tra-
jectories influenced by the acoustic forces. In this case, all the components are well-
characterized in terms of material parameters enabling the construction of a complete

43
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and well-characterized model of a polymer-based acoustofluidic device. The model is then
used to simulate the acoustic response and particle trajectories, providing a one-to-one
comparison between simulation and experiment.

5.1 Piezoceramic transducers for acoustofluidic applications

In BAW devices, sound waves are generated by an ultrasound transducer, typically a
piezoceramic element with surface electrodes coupled to a function generator providing a
sinusoidal electrical signal at MHz frequencies. In turn, the piezoelectric coupling yields a
time-harmonic mechanical displacement field. Since the transducer is the driving mecha-
nism in BAW acoustofluidic devices, any attempt to model a complete system accurately
requires a well-characterized transducer, typically achieved by electrical characterization
techniques.

A piezoceramic in itself is not piezoelectric, but the randomly oriented ceramic grain
polarization can be permanently and uniformly oriented by applying a strong external
electric field defining the polarization direction. The electric field is typically oriented
in the thickness direction of the piezoceramic material, in this case, the z-direction. A
commonly used transducer in BAW acoustofluidic applications is the piezoelectric Pz26
transducer [9, 27, 50, 52, 62, 64—67]. The Pz26 material is a lead-zirconate-titanate (PZT)
based piezoceramic material offering high Curie temperature, high mechanical quality fac-
tor @,,, low dielectric loss, and low aging rate, produced by the company Meggitt. In
addition to the common Pz26, the less popular Pz27 piezoceramic will be considered, of-
fering the same features as Pz26 except for a much lower mechanical quality factor. The
piezoelectric performance can be evaluated in terms of different quantities, such as the
mechanical quality factor @,,, the dielectric loss factor tan(dss), the electromechanical
coupling factors k,,, the planar coupling factor k,, and the thickness coupling factor k.
The electromechanical coupling factor squared is the ratio between stored mechanical en-
ergy and electrical energy applied, where the subscript pq refers to the principle directions.
The planar and thickness coupling factors refer to specific modes. These quantities are
tabulated in Table 5.1 for a Pz26 and a Pz27 transducer. Even though the Pz26 has a
much larger mechanical quality factor, the electromechanical coupling factors are compa-
rable.

Often, the transducer thickness mode is matched to the hard-wall half-wave resonance
frequency fy/, = co/(2Wy,) for enhanced coupling and to achieve acoustofluidic devices
with large quality factors, which makes the thickness coupling factor k. the preferred
measure when choosing between transducer materials. For the device geometries presented
in Section 4.1, with primary channel dimensions 377 pm and 200 pm, the corresponding
[r/2 are approximately 2 and 4 MHz. The effective sound speed ¢; in a piezoelectric

material, given by
dap -1/2
33Fpzt
ac=\—F—" 73 ) (5.1)
<C§3€g3 + (€33) >

can be used to match the transducer thickness ¢t = c;/(2f)/2) for enhanced coupling.
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Table 5.1: Piezoelectric properties of the Pz26 and the Pz27 piezoceramic. The listed
properties include the mechanical quality factor @,,, the dielectric loss factor tan(dss), the
electromechanical coupling factors k., and the effective sound speed ¢;. The parameters
are provided by Meggitt [68].

paQ’

Qm tandss k3 k3s kis k?) ki ¢

-) -) (-) -) () -) () (m/s)
Pz26 | 3333 0.003 0.107 0.467 0.306 0.325 0.221 4522
Pz27 74 0.017 0.107 0488 0.371 0.348 0.221 4330

The effective sound speed ¢, is obtained by considering a 1D model of a piezoceramic
with u; = u; ,(2)e,, where the z-direction is oriented parallel to the polarization. The
effective sound speed for the Pz26 and Pz27 materials are included in Table 5.1 and are
almost equal in magnitude. The corresponding transducer thickness at 2 or 4 MHz is then
~ 1 and ~ 0.5 mm, respectively.

5.1.1 Electrical impedance characterization of piezoceramic transducers

The electrical impedance spectrum Z(f) can be used to characterize and evaluate the
piezoelectric transducer, for example, in terms of resonance frequencies, mechanical quality
factors, and furthermore, to extract piezoceramic material parameters. Only disk-shaped
transducers will be considered in this thesis since the geometry allows for axisymmetric
modeling of the transducer reducing the degrees of freedom substantially. This reduction
enables numerical sweeps, i.e., simulating electrical impedance spectra that would other-
wise have been infeasible in the case of a three-dimensional model.

When measuring the electrical impedance spectrum Z(f), the piezoelectric transducer
was clamped between two spring-loaded pins, carrying the electrical signal, to minimize
the contact force and meet the idealized axisymmetric modeling and boundary conditions
of a free transducer. A photo of the experimental setup is shown in Fig. 5.1(a). The
setup consists of a 3D-printed clamp in which the spring-loaded probes are fitted. Wires
are soldered onto the pins and connected to an impedance analyzer, which is connected
to a laptop through a USB connection—very simple and straightforward. The electri-
cal impedance measurements were performed using a Vector Network Analyzer Bode 100
(OMICRON electronics GmbH, Klaus, Austria) in the frequency interval from 500 Hz
to 5 MHz in steps of 0.5kHz. The measurements were calibrated by open, short, and
load impedance measurements. To investigate how the clamping affects the electrical
impedance spectrum, the clamping position A, measured as the distance away from the
rotational axis, was varied while measuring |Z(f)| for a Pz27-TH0.5-OD10 transducer.
The results are shown in Fig. 5.1(b), and it is seen how the electrical impedance spectrum
is not affected by the clamping position. These results are used to verify the symmetry and
zero-stress boundary condition of a free piezoelectric transducer used in the axisymmetric
model.
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f (MHz)

Figure 5.1: (a) Photo of the simple experimental setup for measuring the electrical
impedance spectrum. The setup consists of a 3D-printed clamp in which spring-loaded
probes are fitted and connected to an impedance analyzer. (b) Measured electrical
impedance spectrum |Z(f)| for a Pz27-TH0.5-OD10 transducer at various clamping posi-
tions A away from the rotational axis. Pictures of the measurements are shown for the
two cases: the perfectly centered A = 0 mm and the extreme off-centered A = 3.2 mm.

The electrical impedance spectrum is used to compare the Pz26 and Pz27 piezoceramic
materials. The electrical impedance spectrum is measured for a disk-shaped Pz26 and a
Pz27 transducer with nominal geometry. The nomenclature PzXY-TH0.5-OD10 will be
used to distinguish transducers and as a shortened word for a disk-shaped PzXY trans-
ducer of thickness 0.5 mm and diameter 10 mm.

Due to the piezoelectric coupling, a local minimum in the electrical impedance mag-
nitude spectrum |Z(f)| corresponds to a mechanical resonance. Therefore, the represen-
tation of the complex-valued electrical impedance spectrum Z(f) will solely be presented
as the magnitude spectrum |Z(f)| throughout this thesis. Furthermore, the magnitude
|Z(f)| will be plotted on a semi-logarithmic plot since |Z(f)| can vary by six orders of
magnitude when considering a broad frequency spectrum from 500 Hz to 5 MHz.

The measured spectrum for a Pz26-TH0.5-OD10 and a Pz27-THO0.5-OD10 transducer
is plotted in Fig. 5.2, showing multiple local minima indicating several mechanical reso-
nance frequencies. The first minimum corresponds to the first planar mode accompanied
by planar harmonics, whereas the global minimum around 4 MHz corresponds to the pri-
mary thickness mode. For the Pz27-TH0.5-OD10 transducer, the planar harmonics are
almost completely attenuated as the frequency is increased up to 3 MHz. In contrast,
the Pz26-THO0.5-OD10 resonances are weakly attenuated and much more rippled around
the thickness mode. Usually, the thickness resonance frequency is chosen to match the
hard-wall resonance frequency in the fluid channel for enhanced coupling of modes. Due to
the higher quality factor, the Pz26 transducer is much more peaked around its resonances,
whereas the Pz27 spectrum is much smoother.
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Figure 5.2: Measured electrical impedance spectra |Z(f)| for a Pz26-TH0.5-OD10 and
a Pz27-TH0.5-OD10 transducer, both disk-shaped and of nominal geometry. The planar
modes are indicated together with the first thickness mode.

Reproducibility is a crucial feature for the commercialization and design optimization
of acoustofluidic devices for biomedical platforms. Here the electrical impedance spectrum
is used to evaluate the variations in transducer behavior with nominal dimensions. In
Fig. 5.3(a) and (b), the impedance spectrum is plotted for three Pz26 transducers from
the same batch and with nominal dimensions. Fig. 5.3(b) shows a zoom-in on the thickness
resonance, and even though the Pz26 transducers are taken from the same batch, we see
variations in features, magnitudes, and resonance frequencies. A similar plot is given
in Fig. 5.3(c)-(d), but for the Pz27 material, this material shows much fewer in-batch
variations; features, magnitudes, and resonance frequencies are almost identical, however
slightly shifted presumably due to small variations in the thicknesses. So even though
Meggitt promises low batch-to-batch variations, we see in-batch variations, especially for
the Pz26 transducers around the primary thickness mode.

Figure 5.3: Measured electrical impedance spectra | Z(f)| for six disk-shaped transducers
of nominal dimensions but different materials. The three Pz26-TH0.5-OD10 spectra are
plotted in (a), and a zoom-in near the thickness mode is given in (b). The transducers
are taken from the same batch indicated with suffixes A, B, and C. Figure (c) and (d) is
similar to (a) and (b) but for three Pz27-TH0.5-OD10 transducers.



