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Abstract

This thesis explores the potential of using surface acoustic wave (SAW) devices for
microparticle manipulation. By leveraging the principles of acoustofluidics and fo-
cused Interdigital Transducers (FIDTs), this project aimed to achieve precise trap-
ping and manipulation of particles in the vasculature of zebrafish. Initial in vitro
experiments characterized the resonance frequencies of FIDTs and simulated blood
flow using microfluidic channels. The results showed successful particle trapping at
specific frequencies under static and controlled fluid flow conditions.

Subsequent in vivo experiments encountered challenges due to higher fluid veloci-
ties. Although particle manipulation was successfully demonstrated in larger cavities,
achieving reliable trapping in narrow vessels proved to be difficult.

This work demonstrates the feasibility of employing FIDTs for targeted parti-
cle manipulation, points out critical challenges in achieving precise in vivo control,
and proposes future directions, including further device optimization and broader
biomedical applications for targeted drug delivery, tumor treatment, and wound heal-
ing. Advancing research in this area is crucial, as it holds great potential to enhance
biomedical applications.
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Key Terms and Notations

In this thesis, the following conventions and definitions are adopted for consistency
and clarity:

• Vectors and Vector Fields: Represented in boldface type (e.g., v for velocity
vector).

• Scalars and Scalar Fields: Denoted in standard characters (e.g., p for pres-
sure).

• Terminology: The termsmicrofluidic chamber,microfluidic channel and PDMS
channel/chamber are used interchangeably throughout this thesis, referring to
the fabricated structures designed to guide fluid flow in microscale experiments.
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Chapter 1

Introduction

Acoustic waves, and specifically ultrasound waves which are high frequency mechanical
waves (≥ 20 kHz), have been used in medical applications for many decades now.
For the most part, acoustic waves have been used to diagnose, screen, and treat
patients. The success of sound-powered devices is attributed to their biocompatible,
non-invasive and contactless nature and their compatibility with various visualization
techniques [1], [2]. In recent years, advancements in microelectromechanical systems
have accelerated developments of new microscale applications, enabling researchers
to achieve high-resolution, controllable manipulation of particles, such as cells and
other bioparticles [3]. From that many use-cases arise, such as targeted drug delivery,
sorting and patterning of bioparticles, tumor treatment, and tissue engineering [2],
[4], [5].

1.1 Background Information

One of the technologies for the precise manipulation of bioparticles, which is relevant
in the context of this thesis, is acoustic tweezers. This emerging platform enables the
precise spatial and temporal manipulation of matter at scales ranging from nanometers
to millimeters, achieved through the controlled interaction of sound waves with solids,
liquids, and gases. Many of the devices that generate acoustic tweezers are modeled
after their predecessor, optical tweezers. Optical tweezers, invented in 1986, were
quickly adopted as a tool in biology, chemistry, and physics, and have been used to trap
viruses, bacteria, and cells [6], [7]. However, these optical tweezers are less accessible
and versatile than acoustic tweezers, because they require high-power lasers, high-
numerical aperture objectives, and can be potentially damaging to biological samples.
Compared with other platforms for contactless particle manipulation (platforms that
rely on magnetic, optoelectronic, plasmonic, electrokinetic or hydrodynamic forces),
acoustic tweezers are more versatile and can address many of the limitations of other
particle manipulation techniques, including biocompatibility, complexity, and cost [1],
[7]. Acoustic tweezers generate well-controlled acoustic pressure profiles using gentle
and precise forces on sensitive bio-samples, thus minimizing uninhibited heating and
mechanical stresses, which expands the range of applications for acoustic tweezers [4].

Acoustic tweezers are generated by acoustic transducers, which leverage the piezo-
electric effect to interconvert mechanical and electrical energy. Specifically, for particle
manipulation the inverse piezoelectric effect is employed, as it converts an AC signal
into mechanical vibrations. This effect can also be used in the reverse direction for
sensing, allowing mechanical deformation to be detected as electrical signals [4], [8].
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There are three primary categories of acoustic tweezers: standing-wave tweezers,
traveling-wave tweezers and acoustic-streaming tweezers. These can be generated by
acoustic wave devices, which produce either bulk acoustic waves (BAWs) or surface
acoustic waves (SAWs) [7].

Bulk acoustic waves are a well-developed technology with decades of research and
many biomedical applications. In microfluidic devices, BAWs are typically produced
by the thickness or transverse vibrations of the piezoelectric transducers [4]. Their
manipulation precision is typically lower than that of SAWs because they operate at
wavelengths significantly larger than the particles they are intended to manipulate.
However, they can handle larger particle clusters and work with higher flow rates than
SAWs [7], [9].

Surface acoustic waves are generated by interdigital transducers (IDTs), which are
interlocking, ”finger-like” electrodes that excite a piezoelectric substrate to generate
mechanical oscillations. The distinguishing feature of SAW devices, in contrast to
BAWs, is that acoustic energy is confined to the substrate’s surface, resulting in
higher spatial resolution than that typically achieved by BAWs [4], [10].

As mentioned above, there are many applications for acoustic tweezers. Of particu-
lar relevance for this thesis is the manipulation of microparticles in zebrafish embryos.
Zebrafish are small aquatic vertebrates that are commonly used as a standard model in
research [11]. Previous work, presented in ”In vivo acoustic manipulation of micropar-
ticles in zebrafish embryo” [11], demonstrated successful trapping and manipulation of
microparticles in the vasculature of zebrafish embryos using BAWs. This study used
BAWs to achieve spatial control of microbubbles within the vasculature, suggesting
promising applications for drug delivery and biological studies. One major drawback
of this approach is the limited operational flexibility of BAW devices, which can only
target a single, predefined location in the zebrafish vasculature, thus restricting the
effective manipulation radius to approximately 100 µm [11]. Moreover, as already
mentioned, BAWs do not provide very high spatial precision. Another study explored
the spatially selective manipulation of cells with spiral IDTs. This approach enables
the precise targeting and trapping of individual cells within the acoustic field, offering
significant potential for applications in microbiology and microrobotics. However, a
limitation of this method is its reduced efficiency in capturing and deforming larger
clusters of particles, which may restrict its applicability in scenarios requiring manip-
ulation of larger particle accumulations [12].

Building on these findings and addressing the limitations of these previously inves-
tigated methods, the aim of this project was to achieve particle manipulation using
SAWs generated by FIDTs. Hence, all experiments were conducted exclusively with
SAW devices and the subsequent discussions will focus solely on SAWs and SAW-based
devices.

1.2 Scope of the Thesis

The primary objective of this bachelor’s thesis, as outlined above, was to investigate
the trapping and manipulation of particles in the vasculature of zebrafish embryos and
to explore possible applications of this method. Using FIDTs partitioned into four
sections, this project aims to overcome some of the limitations identified in previous
studies, such as the restricted spatial resolution and flexibility associated with other
methods. To achieve this goal, it was necessary first to fabricate and characterize

2 Chapter 1 Julian Luginbühl
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SAW devices with varying spacings and geometries, as well as microfluidic channels.
The objectives of the in vitro experiments are the following.

• IDT characterization: Accurate determination of resonance frequencies, which
reliably generate SAWs with clearly observable particle manipulation (aggrega-
tion, patterning, trapping) under static conditions (zero background flow veloc-
ity).

• Robust Particle Manipulation: Successful and repeatable trapping and de-
formation of particle clusters with minimal dispersion under simulated fluid flow
conditions that closely mimic the vasculature of zebrafish.

• Successful Manipulation Across Multiple Particle Types: The aforemen-
tioned objectives stated should be consistently achieved across multiple particle
types, including polystyrene particles, yeast cells and microbubbles.

These in vitro procedures aimed to assess the applicability and effectiveness of
the in vivo manipulation of particles in zebrafish embryos. The objectives of the
subsequent in vivo experiments are:

• Observable Particle Trapping: Clear visualization of particles trapped at
targeted sites within the zebrafish vasculature using FIDTs, effectively counter-
acting forces induced by high fluid flow velocities.

• Successful Manipulation Across Multiple Particle Types: Demonstra-
tion of successful and reproducible trapping and deformation of particles and
particle clusters within the zebrafish vasculature across multiple particle types,
including fluorescent polystyrene particles and fluorescent microbubbles.

The thesis will cover the theoretical background on SAWs and IDTs, as well as
the fundamental principles of acoustofluidics. Furthermore, the methodological sec-
tion details the procedures for characterizing IDTs, as well as the fabrication of both
IDTs and microfluidic chambers, and the steps involved in the preparation of the
zebrafish experiments. Finally, the experimental results are presented and discussed.
To conclude the thesis, potential applications for particle trapping and manipula-
tion in blood vessels will be highlighted, along with proposed strategies for further
optimization and refinement of the manipulation of particles in circulatory pathways.

3 Chapter 1 Julian Luginbühl



Chapter 2

Theoretical Background

A comprehensive discussion of fluid dynamics, and electronics that is necessary to
fully grasp the principles of acoustics and IDTs lies beyond the scope of this thesis.
In the following, simplifications will be made for the specific case of our experimental
setup.

2.1 Acoustics in Microfluidics

In this chapter, the theory of acoustics in microfluidics is discussed, which explores
the interaction of sound waves with fluids, enabling the prediction and control of fluid
behavior in small-scale systems. This understanding is essential for the application of
particle manipulation.

2.1.1 General Governing Equations

The phenomenon of acoustic streaming can be described quantitatively using fluid
dynamics’ Continuity equation (conservation of mass) and Navier-Stokes equation
(conservation of momentum), while assuming that the fluid is isotropic and homoge-
neous [13], that is:

∂ρ

∂t
+∇ · (ρv) = 0, (Continuity)(2.1.1a)

ρ
∂v

∂t
+ ρ(v · ∇)v = −∇p+ µ∇2v +

(
µb +

µ

3

)
∇(∇ · v) (Navier-Stokes)(2.1.1b)

Above, v is the flow velocity, t is the time, p is the fluid pressure, µ and µb are the
shear and bulk viscosities, respectively[14]. The Continuity equation, Eq. (2.1.1a),
states that any change in mass (first term) within a control volume is balanced by the
net mass flux (second term) across its boundaries. The Navier-Stokes equation, Eq.
(2.1.1b), states that the momentum in a control volume is conserved, where the left
side represents the inertia force per unit volume of fluid and the right side describes the
net internal forces per unit volume, as body forces are neglected here. The first term
on the left side denotes the unsteady acceleration, and the second term represents the
convective acceleration. The first term on the right side is the pressure gradient, and
the remaining two terms are associated with the viscosity gradients. Together with
suitable boundary conditions, these equations can be used to predict fluid motion [15].
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There are three types of streaming derived from these equations, shown in Fig. 2.1:
Rayleigh Streaming: Rayleigh streaming describes steady vortical flows generated
near boundaries in the presence of standing acoustic waves. This kind of streaming
results from the interaction between the oscillating boundary layers and the bulk fluid,
leading to circulatory flow [16].
Schlichting Streaming: Schlichting streaming describes the effects on viscous bound-
ary layers adjacent to vibrating surfaces. It characterizes these small-scale vortices
that form within the boundary layers as a result of acoustic excitation [17].
Eckart Streaming: Eckart streaming describes the streaming induced by acoustic
waves within the bulk fluid. It explains how energy dissipation leads to steady flow
patterns throughout the fluid volume [18].

Figure 2.1: Schematic illustration of Rayleigh streaming (indicated by the red ellipses),
Schlichting streaming (indicated by the yellow ellipses) and Eckart streaming shown on
the right illustration, where the black rectangle represents an acoustic wave transducer
[19].

In general, the Navier-Stokes equations are difficult to solve analytically. There-
fore, to facilitate tractable analysis, the following sections will introduce simplifica-
tions tailored to analyze a special that is reasonable to model the conditions of the
experimental setup employed in this thesis.

2.1.2 Simplified Governing Equations

In microfluidic systems, slow streaming with low Reynolds number (Re << 1) and
thus laminar flow is assumed. These assumptions are valid because the dimensions of
the system are very small. The channel dimensions are on the order of micrometers,
resulting in small values of characteristic length (L) and velocity (U0) in the nominator
of the Reynolds number expression [11], [15].

Re ≡
ρU0L
µ

, (2.1.2a)

The following derivations for acoustics in microfluidics, applicable to the specific
case of the experiments conducted in this thesis, are based on the work presented
in ”Acoustofluidics: Theory and Simulation of Radiation Forces at Ultrasound Reso-
nances in Microfluidic Devices” by Rune Barnkob and Henrik Bruus [20], which rely
on the formulation of Gorkov [21].

The setup under consideration, for which the upcoming simplifications are made,
consists of a silicon chip affixed to a SAW device using a gel adhesive. The silicon
chip contains a microchannel filled with an aqueous particle solution. When applying
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an AC voltage at a frequency in the MHz range, the IDT vibrates and induces a
time-harmonic ultrasound pressure field:

p(r, t) = p1(r)e
−iωt, (2.1.2b)

where p1(r) represents the spatial amplitude, ω = 2πf is the angular frequency (f is
the frequency) and t denotes the time. For simplicity, the time-harmonic factor (e−iω)
is implicitly incorporated, so only the amplitude p1 is explicitly retained in subsequent
expressions.

Assumptions:

• Before the onset of the ultrasound field, the solution is at constant, uniform
pressure pl and zero velocity.

• The influence of the viscosity of the carrier liquid on the forces of acoustic radia-
tion is considered negligible, as the viscous boundary layers are small compared
to the wavelength.

• The perturbations in pressure, density, and velocity are small, as they deviate
just slightly from ambient conditions, allowing for linearization of the governing
equations.

Under these assumptions, a reasonable approximation of the pressure field p1 and the
velocity field v1 within the microchannel is governed by simple linear acoustics of
inviscid fluids. This leads to the Helmholtz wave equation for the pressure field and
a potential flow representation for the velocity field.

The Helmholtz wave equation, is derived from the continuity equation (conser-
vation of mass), and Euler’s equation (conservation of momentum) and assuming
thermal equilibrium. The Helmholtz wave equation is is then given by:

∂2p

∂t2
= c2∇2p. (2.1.2c)

Substituting in the time-harmonic equation for the pressure field from above, Eq.
(2.1.2b), and simplifying yields the following:

∇2p1 = −ω2

c2l
p1. (2.1.2d)

In the context of potential flow theory, the velocity field v1 is expressed in general as:

v = ∇ϕ, (2.1.2e)

where ϕ is a scalar potential function. As stated above, by considering small per-
turbations in the velocity and pressure fields, denoted as v1 and p1 respectively, and
assuming time-harmonic dependence, these perturbations are expressed as:

v1(r, t) = v1(r)e
−iωt, p1(r, t) = p1(r)e

−iωt, (2.1.2f)
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Substituting these expressions into Euler’s equation:

ρl
∂v1

∂t
= −∇p1, (2.1.2g)

and solving for v1, yields:

v1 = − i

ωρl
∇p1. (2.1.2h)

Comparing equations (2.1.2e) and (2.1.2h) confirms, that v1 is consistent with poten-
tial flow theory.
In our model, the two governing equations can thus be expressed as:

∇2p1 = −ω2

c2l
p1. (2.1.2i)

v1 = − i

ωρl
∇p1. (2.1.2j)

Above, cl is the speed of sound and ρl is the density of the carrier liquid. The boundary
is defined by the surface normal vector n . At the boundary of the microchannel, the
following boundary conditions are applied [20]:

• Hard Wall (Rigid Boundary): Normal velocity component is zero.

n · v1 = 0 =⇒ n · ∇p1 = 0 (2.1.2k)

• Soft Wall (Pressure Release Boundary): Pressure perturbation is zero.

p1 = 0 (2.1.2l)

• Interface Between Two Media: Continuity of pressure and normal velocity.

p
(a)
1 = p

(b)
1 ,

1

ρa
n · ∇p

(a)
1 =

1

ρb
n · ∇p

(b)
1 (2.1.2m)

2.1.3 Acoustic Resonances

The silicon chamber, as previously described, represents an acoustically hard cavity
enclosing the acoustically soft liquid inside the chamber. This leads to acoustic res-
onances for specific frequencies ωj, for j = 1, 2, 3, . . .. A resonance frequency ωj is
induced when the average acoustic energy density inside the chamber becomes sev-
eral orders of magnitude higher than at other frequencies. The resonance frequency
depends on the cavity’s geometry and the material properties of the entire set-up. In
particular, the speed of sound in the medium and the densities of the materials play
critical roles. In the general case, the resonance frequencies can only be calculated by
applying numerical methods.
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However, when assuming that the enclosing material is infinitely hard, the velocity
at the wall is zero. In this case, the hard-wall boundary condition can be applied from
Eq. (2.1.2k). Solving the Eq. (2.1.2i) under this boundary condition, and considering
a rectangular box for the cavity aligned with the coordinate axes (x,y,z), yields [20]:

p1(x, y, z) = pa cos(kxx) cos(kyy) cos(kzz), (2.1.3a)

with kj = nj
π

Lj

, nj = 0, 1, 2, 3, . . .

These mode shapes, obtained in the equation above Eq. (2.1.3a), represent stand-
ing waves within the cavity, and determine the locations of the pressure nodes and
antinodes within the microchannel.

2.1.4 Acoustic Impedance

Acoustic impedance describes the resistance to the propagation of sound waves within
a material and indicates how effectively and in which manner (absorption, reflection,
or transmission) an acoustic wave is transferred between two materials. The acoustic
impedance is defined as:

Z = ρc, (2.1.4a)

where ρ is the density, c is the speed of sound [22], [23]. The transmission coefficient
T and the reflection coefficient R can be then expressed by the acoustic impedances
Z1 and Z2 of two materials as [24]:

T =
4Z1Z2

(Z1 + Z2)2
(2.1.4b)

R =

(
Z2 − Z1

Z2 + Z1

)2

. (2.1.4c)

The understanding of acoustic impedances at the interfaces of the experimental
setup is enabling us to predict the efficiency of energy transfer from IDT to microchan-
nel.

2.1.5 Acoustic Radiation Force

The acoustic radiation force (ARF), in general, consists of two components: the acous-
tic gradient forces (primary acoustic radiation forces) and the scattering forces (sec-
ondary acoustic radiation forces), where the gradient forces are proportional to r3 (r
is the radius of the particle) and the scattering forces are proportional to r6. This
relationship makes the scattering forces negligible for small particles compared to the
gradient pressure forces [4], which applies to the particles used in this thesis, as their
radii are on the order of micrometers. Thus, only the primary ARF is discussed
further.
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Reconfigurable Particle Manipulation in Zebrafish Embryos

Originally derived by Gorkov [21], the primary ARF on a compressible particle is
described by the time-averaged gradient of the Gorkov potential,

F rad = −∇U rad = −∇4π

3
r3

[
f1
1

2
κ0⟨p2in⟩ − f2

3

4
ρ0⟨v2in⟩

]
(2.1.5a)

f1(κ̃) = 1− κ̃, κ̃ =
κp

κ0

, (2.1.5b)

f2(ρ̃) =
2(ρ̃− 1)

2ρ̃+ 1
, ρ̃ =

ρp
ρ0

. (2.1.5c)

where U rad is the acoustic radiation potential, r is the radius of the particles, f1, f2
are the coefficients of monopole and dipole scattering, respectively, and κ0, ρ0, κp, and
ρp are the compressibility and density of the fluid and particles, respectively. ⟨pin⟩
and ⟨vin⟩ represent the averaged incoming pressure and velocity fields.

Figure 2.2: Schematic of 1D acoustic standing wave (blue solid line) and resulting
acoustic force (red dashed line) [2]

.

For the 1D case with a standing wave of length λ/2 in a microfluidic channel
(Fig. 2.2), the acoustic radiation force F rad can be simplified to the following equation:

F rad
z = −∂zU

rad = 4πϕ(κ̃, ρ̃)kr3Eac sin(2kz) (2.1.5d)

Eac =
p2a

4ρ0c20
(2.1.5e)

ϕ(κ̃, ρ̃) =
1

3

[
5ρ̃− 2

2ρ̃+ 1
− κ̃

]
(2.1.5f)

Above, ϕ(κ̃, ρ̃) is the acoustic contrast factor (ACF), k is the wave number (2π/λ),
z is the particle’s position, Eac is the density of acoustic energy, pa is the pressure
amplitude, ρ0 is the density of the liquid and c0 is the speed of sound in the liquid [2].

The ACF ϕ(κ̃, ρ̃) determines if the particle moves toward the pressure node (for a
positive ACF) or toward the pressure antinode (for a negative ACF) [4], as shown in
Fig. 2.3. Particles that are denser and less compressible than the surrounding medium
have a positive acoustic contrast factor, as is the case for polystyrene particles [25].
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Conversely, particles with significantly lower density and higher compressibility
than the surrounding liquid, have a negative contrast factor, as is the case for mi-
crobubbles [26].

Figure 2.3: Illustration of particles with positive ACF (blue) and negative ACF (yel-
low), exposed to an acoustic standing wave field (green dashed lines), with the pressure
node in the center and the antinodes at the walls [27].

2.1.6 Drag Force

In addition to the primary ARF, particles are also exposed to the Stokes drag force
induced by acoustic streaming, Fig. 2.4, and/or background fluid flow in the mi-
crochannel.

Figure 2.4: ”Numerical simulation results show the mapping of the acoustic field
around a single particle that demonstrates the operating principle for 3D manipulation
with standing-wave tweezers [7].”

The Stokes drag force counteracts the primary ARF, and is given by:

FD = 6πµr(vstr + v0 − vprt) (2.1.6a)

Above, µ is the dynamic viscosity of the fluid, vstr is the streaming velocity, v0 is the
background flow velocity, and vprt is the particle velocity [2], [28].

When comparing Eq. (2.1.6a) with Eq. (2.1.5d), one can see that the drag force
scales with r while the primary ARF scales with r3. This difference in scaling behav-
ior indicates that the primary ARF decreases much faster for smaller particles than
the Stokes drag force. As a result, the drag force becomes the dominant force with
decreasing radius, thereby disrupting particle confinement [29].
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2.1.7 Surface Acoustic Waves

SAWs are generated using SAW devices, which generally consist of one or multiple
IDTs, to be discussed in detail in the next section. The most common waves gener-
ated by SAW devices are Rayleigh waves, which propagate along the surface of the
substrate, as shown in Fig. 2.5. Rayleigh waves have strong interactions with the
liquid and the particles suspended within it, which makes them suitable for particle
manipulation [15].

SAWs can be classified into traveling surface acoustic waves (TSAWs) and standing
surface acoustic waves (SSAWs). TSAWs are generated by a single IDT, as illustrated
in Fig. ??, while SSAWs, on the other hand, are created by the superposition of two
or more TSAWs interfering with each other [15]. This can be achieved by placing two
IDTs opposite to each other, as shown in Fig. 2.5, and can also occur if the TSAW
propagates through the liquid of a microfluidic chamber and is reflected at the water-
glass/PDMS interface due to the significant acoustic impedance mismatch between
water and glass/PDMS [30]. SSAWs create stable nodal positions which can be used
for particle trapping, as indicated by red (antinode) and green (positive node) points
in Fig. 2.5(b).

(a) (b)

Figure 2.5: Schematic illustrations SAW generation: (a) A single IDT producing a
TSAW, and (b) two opposing IDT’s generating a SSAW [15]

At the interface between a SAW device and a liquid-filled microfluidic chamber,
the surface acoustic wave propagates into the fluid at the Rayleigh angle (θR), shown
in Fig. 2.6 given by the following relationship:

sin(θR) =
cf
cs
, (2.1.7a)

Above, cf and cs are the speed of sound in the fluid and the substrate, respectively
[31].
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Reconfigurable Particle Manipulation in Zebrafish Embryos

Figure 2.6: Schematic illustration in cross-sectional view of SAW propagation into
microfluidic chamber [14].

In addition to fundamental Rayleigh waves, there are other types of SAWs, such
as Sezawa waves, Lamb waves, shear horizontal SAWs and Love waves [15]. These
wave types are not discussed further since they are not relevant for this thesis.

2.2 Interdigital Transducers

Interdigital transducers were first developed in 1965 by White and Volmer [32] and
have since been used in various applications such as radar, telecommunications, and
more recently, in high-precision ultrasonic manipulation of fluids [31]. As briefly men-
tioned in the introduction, IDTs are interlocking, ”finger-like” electrodes. Typically,
they are embedded in a piezoelectric substrate; the most common substrates are
quartz, lithium niobate (LiNbO3), or lithium tantalate (LiTaO3) [15]. By applying
an AC current to the piezoelectric substrate, they are able to generate mechanical
oscillations that propagate as SAWs on the surface of the substrate.

In the following, the physical phenomenon of piezoelectrics, on which the IDTs are
based, as well as different IDT designs are discussed further.

2.2.1 Piezoelectric Effect

The piezoelectric effect converts mechanical energy into electrical energy, whereas the
reverse piezoelectric effect converts electrical energy into mechanical energy.

To understand this relationship further, we first look at a nonpiezoelectric material.
For a nonpiezoelectric material, a mechanical displacement u induces a stress T =
c∂zu, and an electrical displacement D generates an electric field E = D

ε
, with ε being

the electric permittivity of the material. Assuming an insulator and electroneutral
material (as is the case for most piezoelectric materials), the relation between electric
current and electric displacement is:

∂D

∂t
=

I(t)

A
(2.2.1a)

Considering now a piezoelectric material, where the electrical and mechanical fields
are entangled, the stress is given as:

T = cD
∂u

∂z
−

(e
ε

)
D, (2.2.1b)

where e is the piezoelectric coupling coefficient, cD is the stiffness at constant elec-
tric displacement (cD = cE + e2

ε
), with cE being the stiffness at constant electric field.
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Taking the time derivative of the stress equation and substituting in the expression
for the electric displacement of Eq. (2.2.1a) yields:

∂T

∂t
= cD

∂v

∂z
− e

Aε
I(t). (2.2.1c)

In the above equation, stress, mechanical vibration, and electric current are now
coupled. Using Newton’s law ρ∂2

t v = −∂zT , the equation for a plane longitudinal
electroacoustic wave propagating through a piezoelectric material can be found as
[31], [33]:

ρ
∂2v

∂t2
= cD

∂2v

∂z2
. (2.2.1d)

The piezoelectricity of materials arises from their non-centrosymmetric crystal struc-
ture, which enables displacements between anions and cations. Due to these proper-
ties, a charge can be generated by stress-induced displacement of the crystal structure
[34].

In simple terms, the crystal structure of the unit cell can be visualized as in Fig. 2.7,
where the atom, indicated with a ”B”, is displaced, shifting the center of negative and
positive charges so that they no longer coincide, resulting in an electric dipole [35].

Figure 2.7: Schematic illustration of a piezoelecric unit cell crystal structure [35].

As elaborated in Chapter 1, this also works in reverse: applying a voltage to the
piezoelectric material leads to a deformation of the crystal structure.

2.2.2 IDT Design

There are many ways to design the geometry, spacing, and dimensions of IDTs. The
specific configuration is highly application-dependent. The design variations can be
optimized for various use cases, such as mixing, concentrating/trapping, patterning,
or sorting. These differences may be in shape (straight or curved), electrode thickness,
and spacing [15].

During this project, straight IDTs (Fig. 2.8) were employed for patterning, as
the superposition of their acoustic waves generates a checkered interference pattern
(see in Fig. A.3 in the Appendix). However, the primary focus of this project was
particle trapping and manipulation. For this purpose, curved IDTs, as shown in
Fig. 2.8, were used. These transducers create a single pressure node at the focal point
through constructive interference of the SAWs. Furthermore, dividing them into four
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sections allows the actuation of only one pair of opposing IDTs, which is essential for
deforming particle clusters in the central pressure node. Both designs feature regularly
alternating electrodes.

(a) (b)

Figure 2.8: Illustration of IDT designs: (a) Straight IDT design and (b)
Curved/focused IDT design [15]

The wavelength (λR) of the SAW generated by the IDT depends on the periodicity of
the IDT-finger pairs. The distance between two fingers is equal to λR/4, as illustrated
in Fig. 2.9.

Figure 2.9: Schematic illustration of IDT components [31]

The phase velocity of the SAW (v) is determined by the material properties of
the substrate, including its elastic constant and density. Using this velocity, one can
calculate the theoretical resonance frequency (f), shown in Eq. 2.2.2a, at which the
IDT exhibits peak response, which means that the IDT achieves maximum energy
conversion into mechanical vibrations.
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The expression for the resonance frequency is given as:

f =
v

λR

(2.2.2a)

Another essential parameter in IDT design is the power radiated by the IDT, which
is given by:

⟨P ⟩ = 1

2
Ga|U |2, (2.2.2b)

where Ga is the conductance and U the applied voltage. The conductance depends
on the number of pairs of electrode fingers and the static capacitance of the IDT [31].

2.3 Zebrafish Model

Zebrafish have become a widely used vertebrate model for cardiovascular research over
the last few decades. The advantages of the zebrafish model include practical genetic
manipulations, as well as the transparent nature of the zebrafish during embryonic
stages. This allows for direct visualization of the vasculature under the microscope
[36].

Figure 2.10: Illustrative overview of the embryonic development of zebrafish [37]
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Figure 2.11: Vasculature of a 48-hpf zebrafish embryo. DC: Duct of Curvier; DA:
Dorsal aorta; DLAV: Dorsal longitudinal anastomotic vessels; DV: Dorsal vein; ISV:
Inter-segmental vessel; SIV: sub-intestinal vessels [38]

The embryonic stages are classified in hours post fertilization (hpf) or days post
fertilization (dpf), as shown in Fig. 2.10. The velocity of blood flow varies depending
on the age of the zebrafish and peaks at 3-dpf, as shown in Fig. 2.12. The dorsal aorta
(diameter of approx. 36 µm [39]), depicted in Fig 2.11, is the main vessel exhibiting
the highest flow velocities. Knowledge of blood flow velocity is essential for particle
trapping, as faster blood flow introduces a stronger drag force on particles.

Figure 2.12: Maximum blood flow velocity of zebrafish embryos aged 1-5 dpf in dorsal
aorta (red) and posterior cardinal vein (blue) [40].
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Chapter 3

Materials and Methods

This chapter outlines the materials, fabrication processes, and experimental setups
used for this project. It describes the creation and characterization of devices, the
preparation of microfluidic and biological systems, and the procedures used in both
in vitro and in vivo experiments.

3.1 Fabrication

In the following, the fabrication procedures of the IDTs used in the in vitro charac-
terization and the in vivo experiments, as well as the microfluidic chambers employed
for the in vitro trials, are described.

3.1.1 IDT Fabrication

The IDT design was first determined using CAD software. The fabrication steps
were conducted in the clean room of the ARSL laboratory. There, a wafer made of
128 ° Y cut X-propagating lithium niobate (LiNbO3), which serves as a piezoelectric
substrate, was selected because it generates SAWs with high efficiency [41]. The wafer
was then subjected to a standard UV photolithography process, including spin coating
with a photoresist, baking, photomask alignment of the inverse IDT design, UV light
exposure, and gold vapor deposition [42].

After these fabrication steps were completed in the clean room, the electrodes
of the IDT devices were connected with wires by soldering. This procedure is very
sensitive, as the heat of the soldering iron induces thermal stress, which can easily
cause the piezoelectric substrate to crack. To ensure reliability and quality in these
steps, they were carried out by the thesis supervisor, Hemin Pan.

The FIDTs fabricated and used primarily for this project are depicted in Fig. 3.1.
These widths were chosen to achieve the desired operational frequencies.
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electrode width [µm] 50 25

resonance frequency [MHz] 39.2 & 59.3 42.2 - 49.5

Table 3.1: FIDTs used primarily in this project

3.1.2 Microfluidic Chamber Fabrication

Following, the consecutive steps of microfluidic chamber fabrication are described in
detail:

1. Mold Fabrication

The first step in the chamber fabrication process was to create a mold. This
involved preparing a silicon wafer patterned with the desired chamber geometries.
The chamber geometries were designed in advance using CAD software. The wafer
was patterned using a photolithography machine in the clean room at ARSL. This
step was performed by the thesis’ supervisor, Hemin pan.

2. Silanization of Wafers

The next steps of the fabrication process of the microfluidic chambers were per-
formed in the wet lab at ARSL. Here, the patterned wafers were treated to make
their surface hydrophobic by silanization. This was achieved by placing them into a
vacuum chamber together with some droplets of (3-Aminopropyl)triethoxysilane, as
shown in Fig. 3.1. The vacuum chamber was then decompressed to about 10 mbar. In
this environment, the silane evaporates and reacts with the wafer’s surface to make it
hydrophobic. After an hour of silanization, the wafers were removed from the vacuum
chamber.

3. PDMS Casting and Curing

In a next step, a 10: 1 ratio of the PDMS base (SYGARD 184 silicon elastomer)
to the curing agent was mixed, enabling the PDMS to harden in the oven later on.
This mixture was first degassed in the vacuum chamber and then poured over the
silanized mold, Fig. 3.2. The wafer with the PDMS mixture on top was degassed once
more to ensure complete removal of air bubbles. After that, the wafers coated with
the PDMS mixture were placed in the oven at 80°C to cure.
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Figure 3.1: A 4-inch silicon wafer next to a glass slide with droplets of silane on it,
placed in a vacuum chmaber.

Figure 3.2: 4-inch silicon wafer coated with the PDMS mixture

4. Chamber Extraction and Bonding

After curing, the PDMS was peeled off the mold and the individual chambers
were cut out using a razor blade, as shown in Fig. 3.3. These single PDMS chambers
were bonded to a glass slide, to form a complete microfluidic chip. To do so, the
chambers, immersed in IPA, first had to be cleaned using an ultrasonic cleaner. After
cleaning, the surfaces of the PDMS and the glass slides were treated with a plasma
cleaner (PiezoBrush PZ3, Relyon plasma), which activates the surfaces and enables
enhanced adhesion between the glass slide and PDMS chamber. Once treated, the
PDMS chambers were aligned and bonded to the glass slides. Finally, the prepared
chips with the PDMS chambers were placed in the oven again for an hour at 80 ° C
to ensure proper bonding.
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Figure 3.3: Cutting free the PDMS chambers with razor a blade

3.2 Experimental Setup

The in vitro experiments were carried out in the acoustic robotics systems laboratory
(ARSL), while the in vivo trials were carried out in the laboratory of the Institute of
Molecular Life Sciences at the Irchel campus of the University of Zürich.

3.2.1 In Vitro Experimental Setup

In the in vitro experiments for IDT characterization and blood vessel simulation, the
following setup was utilized.

The AC signal for IDT actuation (E) was generated using a function generator
(A: 0-60MHz, 0.1-5.0 Vpp, Tektronix AFG1062, Tektronic, Inc., US)) and a high-
frequency amplifier (B: 25A250ions a AM6, Amplifier Research). For observations,
a camera (C: THORLABS, fps = 8.8) connected to a microscope (D: Zeiss Axiovert
200M) was used, as shown in Fig. 3.4 & Fig. 3.5. The microfluidic chamber, which
contains the particle solution, as shown schematically in Fig. 3.6, was placed on top
of the IDT, with a droplet of a glycerol-based gel serving as an intermediary layer to
ensure effective acoustic coupling. The solutions for the polystyrene (PS) particles and
microbubbles were made using phosphate buffered saline PBS, while those containing
yeast cells were made using DI water. The particles used in the in vitro experiments
are shown in Table 3.2 below. This setup enables precise control over the acoustic
field and direct visualization of particle behavior.
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Reconfigurable Particle Manipulation in Zebrafish Embryos

Figure 3.4: Experimental setup at
ARSL

Figure 3.5: IDT mounted on a micro-
scope and connected to the amplifier

Figure 3.6: Schematic illustration of PDMS channel filled with aqueous solution placed
on top of a SAW device [14].

Particle Type Diameter [µm] ACF

Polystyrene particles 1.0 Positive

Polystyrene particles 2.6 Positive

Microbubbles (USsphere Tracer FD-Red) 1.1 – 1.4 Negative

Yeast cells 5.0 – 10.0 Positive

Table 3.2: Particles used in in vitro experiments [43], [44].
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3.2.2 In Vivo Experimental Setup

The in vivo experiments were performed in the Institute of Molecular Life Sciences
on the Irchel Campus of the University of Zürich. The experiments were carried out
using a fluorescent microscope (Leica M205 FCA, fps = 35.71), as shown in Fig. 3.7.

Figure 3.7: Fluorescent microscope from Leica used for the in vivo experiments.

For the experiments, 48-hpf zebrafish embryos were used. They were prepared and
injected with fluorescent particles and microbubbles by Dr. Zan. The use of fluores-
cent particles enable for better visualization of the particles’ motion in the zebrafish’s
vasculature. To prevent zebrafish embryos from moving during the observations, they
were first embedded in agarose gel. Subsequently, the glass slide with the embedded
zebrafish embryo was placed under the fluorescent microscope on top of the FIDT,
with a droplet of coupling gel serving as an intermediary layer. For IDT actuation, the
same setup (function generator and amplifier) used in the in vitro experiments was
employed. In Fig. 3.8 the zebrafish mounted on top of the FIDT is shown; the green
area corresponds to the yolk of the zebrafish, where the green fluorescent particles
were injected.

Figure 3.8: Zebrafish placed on top of the FIDT with green fluorescent particles
injected.
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3.3 Method for IDT characterization

To successfully capture and manipulate particles in a single pressure node within the
zebrafish’s vessel, focused SAW devices were employed. To ensure reliable results for
the in vivo experiments, it was necessary to determine the resonance frequency of the
focused IDT and study the behavior of particles of various diameters under the influ-
ence of SAW waves. The behavior was further examined under static conditions (zero
flow velocity) and in the presence of controlled fluid flow, simulating the environment
of a zebrafish’s blood vessel.

3.3.1 Identification of Resonance Frequency

To identify the IDT’s resonance frequency, the IDT was prepared as discussed in
Chapter 3.2.1, under static conditions (zero flow velocity). The amplitude in the
function generator was set to 1.0 Vpp, which was amplified with a gain of approximately
15x by the amplifier. By sweeping from low to high frequencies in the MHz range,
the fundamental resonance frequency and its higher harmonics were identified. These
frequencies were determined by observing the behavior of the particles and noting the
frequencies that produced the strongest particle responses. These experiments were
repeated several times with different types of particles, as listed in Table 3.2.

3.3.2 Testing Resonance Frequency under Controlled Fluid
Flow

To more accurately simulate the conditions of the in vivo experiments more accurately,
the fluid in the microfluidic channel was set in motion. This was achieved using the
microfluidic channel shown in Fig. 3.9, which was filled with the particle solution,
and placing a droplet of liquid on top of one opening. Capillary forces put the fluid
in motion [45]. Once the fluid was in motion, the previously identified resonance
frequencies were applied using the function generator, and the particles’ behavior
under these conditions was studied.

To test robustness of particle manipulation under non-optimal conditions, the
fluid channel was deliberately misaligned with the IDT’s focal point. Subsequently,
the ability to manipulate particles under these conditions was evaluated.

Figure 3.9: Microfluidic channel used for testing particle behavior under controlled
fluid flow conditions
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3.4 Measuring Velocities in Microfluidic Channel

To measure the velocity of particles or particle clusters, an image processing software
(ImageJ) was utilized. A calibration step first determined the relationship between
image pixels and the actual physical dimensions in micrometers. By tracking particle
displacement and using the known microscope frame rate, the elapsed time over several
frames was derived, enabling velocity measurement.

The following describes velocity calculations for the experimental setup with the
offset fluid channel, Fig. 4.5. Velocity measurements in other experiments were per-
formed analogously.

The known width of a single ”electrode finger” (50 µm) was compared to the
number of pixels that span this width in the image. To reduce measurement inaccura-
cies, multiple measurements were performed, as shown in Fig. 3.10. The mean width
(wmean = 77.925px) was then calculated. The micrometer-to-pixel ratio (αµm/px) was
calculated using the following relation:

αµm/px =
50µm

77.925px
= 0.6416

µm

px
(3.3a)

Figure 3.10: Measurement of a single electrode’s width using ImageJ with the line
tool (yellow). The particle cluster, highlighted in red, was tracked for velocity mea-
surements.
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The displacement of the particle cluster from the start to the end position was mea-
sured several times, and the mean displacement (dmean = 222.764px) was calculated.
Using Eq. 3.3a, the physical distance in micrometers was determined as:

dmean = 142.935µm (3.3b)

Figure 3.11: Measurement of the distance of the particle cluster’s trajectory using
ImageJ’s line tool (yellow). The red circle highlights the cluster’s end position.

The number of frames during the observation period (#frames = 5) was counted.
With the known frame rate (fps = 8.8), the elapsed time t in seconds was calculated:

t =
#frames

fps
= 0.5682s, (3.3c)

Finally, the particle velocity (vpart) was calculated as:

vpart =
dmean

t
= 251.57

µm

s
(3.3d)
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3.5 In Vivo Manipulation of Particles in Zebrafish

Embryos

The particle manipulation experiments in zebrafish embryos were conducted under
the experimental setup described in Chapter 3.2.2. Zebrafish embryos (approximately
48 hpf) were injected with a praticle solution, by Dr.Zang. The experiments were
carried out with three types of particles, as listed in Table 3.3.

Particle type Product Diameter
[µm]

Density
[ g
cm3 ]

∗Excitation
[nm]

Fluorescent particle (PS) Novus Biologicals
Jade Green

1.0 ∗∗1.05 ∗∗700

Fluorescent particle (PS) Spherotech
Nile Red

1.0 ∗∗1.05 515 - 530

Fluorescent microbubble USphere Tracer
FD-Green

1.1 - 1.4 ∗∗1.025 484

Fluorescent microbubble USphere Tracer
FD-Red

1.1 - 1.4 ∗∗1.025 549

Table 3.3: Table of all the particles used in the zebrafish experiments. ∗The Excitation
column refers to the excitation wavelength of the light used to excite the fluorescent
dye in the particle/bubble. The data highlighted with (∗∗) is not the exact data for
the product, but approximate values found in other sources [46], [47] [48].
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Chapter 4

Results

The primary aim of this project was to manipulate particles within zebrafish embryos.
To achieve this goal, preliminary experiments were conducted to characterize the IDTs
intended for the zebrafish trials. In addition, simulations of blood vessels with similar
dimensions were performed using PDMS channels and controlled fluid flow.

Following these preparatory steps, the in vivo experiments on the zebrafish em-
bryos were conducted.

In the top left corner of the figures provided in this chapter, a schematic illustration
of the IDTs is indicating, whether a section of the IDT is actuated (colored blue) or
deactivated (colored white).

4.1 Characterization of IDTs

The following section describes the characterization of the FIDT with an individual
electrode width of 50 µm. The voltage amplitude was set in the range of 0.7Vpp to
1.3Vpp. The characterization results for the FIDT with an individual electrode width
of 25 µm are provided in the Appendix, shown in Fig. A.1 & Fig. A.2, as they yielded
noteworthy observations. However, under conditions that involve rapid fluid flow,
the FIDT with a 50 µm electrode width demonstrated superior performance. This
enhanced effectiveness is likely attributed to its ability to generate a stronger ARF to
counteract the strong drag force under fluid flow conditions, compared to the smaller
electrode design.

At a frequency of 39.2 MHz, a distinct single-point aggregation of particles was
observed at the center of the pressure node, as shown in Fig. 4.1. This frequency
corresponds to a harmonic of the vibrational resonance modes exhibited by the tested
FIDT, as it was the first frequency that showed a strong particle response. In this
first experiment, the fluid in which the PS particles are suspended remained static
(zero velocity).
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Figure 4.1: FIDT manipulating/capturing PS particles at a resonance frequency of
39.2 MHz, in a channel with a width of 300 µm and a height of 240 µm

By shifting back and forth across the resonance frequency, deformations of the particle
cluster were induced both along the channel axis and perpendicular to its orientation,
as shown in Fig. 4.2.

(a) Deformation perpendicu-
lar to the channel orientation
(t = 0s)

(b) No deformation
(t = 1.59s)

(c) Deformation along the
channel orientation
(t = 10.34s)

Figure 4.2: Time-sequential visualization of deformation of a single dot particle cluster
under acoustic excitation at 39.2 MHz.

After continuously increasing the frequency even higher, an additional higher har-
monic was found at 59.3 MHz. At this frequency, significantly stronger acoustic
streaming was observed, compared to 39.2 MHz. This is illustrated in Fig. 4.3, where
the red ellipses denote the regions in which streaming was occurring, and the red
arrows represent the direction of the streaming motion. The streaming motion was
observed to transition very clearly from a single nodal point, when all four FIDT sec-
tions were actuated, Fig. 4.3(a), to a single nodal line when only two opposing FIDT
sections were actuated, Fig. 4.3(b) & Fig. 4.3(c). Additionally, a single single-point
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aggregation could not be formed, as was possible at 39.2 MHz. Instead, a higher har-
monic pattern with multiple pressure nodes forming a checkered pattern at the focal
point of the FIDT, as depicted in Fig. 4.3b.

(a) Only one pair of opposing FIDT sec-
tions actuated, highlighted in red.

(b) All four FIDT sections actuated,
highlighted in red.

(c) Only one pair of opposing FIDT sec-
tions actuated, highlighted in red.

Figure 4.3: Deformation of patterned particle cluster at 59.3 MHz

29 Chapter 4 Julian Luginbühl
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4.2 In Vitro Simulation of Blood Flow

The PS particles could be captured successfully at the focal point of the FIDT, even
under controlled fluid flow conditions. However, this was only achieved at the higher
harmonic frequency of 59.3 MHz, Fig. 4.4. Despite the successful capturing, a single
dot of accumulated particles was not observed. Instead, a pattern of straight lines,
parallel to the channel, was formed in the focal point of the SAW device. This pattern
was located at a different height within the channel, farther from the FIDT, compared
to the single line of accumulated particles indicated by the red arrow in the figure.

The velocity of the captured particles after deactivation of the FIDT was calcu-
lated to be 400.16 µm/s, which is significantly lower than the maximum flow velocity
measured for 48-hpf zebrafish embryos of approximately 1200 µm/s, as reported in
literature [40].

(a) t = 0s (b) t = 0.114s (c) t = 0.228s

(d) t = 0.342s (e) t = 0.456s (f) t = 0.570s

(g) t = 0.684s (h) t = 0.798s (i) t = 0.912s

Figure 4.4: Time-sequential visualization of polystyrene particles, initially captured,
being displaced and carried away by the fluid flow, upon deactivation of the FIDT.
The width of the channel was 300 µm and the height was 240µm.

Even when adjusting the setup, such that the fluid channel was offset relative to the
focal point of the FIDT, it was still possible to capture PS particles during controlled
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fluid flow. However, as in the previous configuration, this was only achieved at a
frequency of 59.3 MHz. Similarly to the previous experiment (see Fig. 4.5, the observed
pattern consisted of straight lines parallel to the fluid channel, but now offset along
the channel boundary.

The velocity of the captured particles after FIDT deactivation was calculated to
be 251.57 µm/s, which is again significantly lower than the maximum flow velocity
measured for 48-hpf zebrafish embryos reported in literature [40].

(a) t = 0s (b) t = 0.114s (c) t = 0.228s

(d) t = 0.342s (e) t = 0.456s (f) t = 0.570s

(g) t = 0.684s (h) t = 0.798s (i) t = 0.912s

Figure 4.5: Time-sequential visualization of PS particles, initially captured at a offset,
being displaced and carried away by the fluid flow, upon deactivation of the FIDT.
The width of the channel was 300 µm and the height was 240µm.
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The same procedure was repeated using yeast cells, and the results were similarly
successful for the centered and misaligned channel setup, as shown in Fig. 4.6. The
velocity of yeast cells after FIDT deactivation was calculated to be 368.49 µm/s, again
significantly slower than the velocities in zebrafish vessels reported in the literature
[40].

(a) t = 0s (b) t = 0.228s (c) t = 0.342s

(d) t = 0.456s (e) t = 0.684s (f) t = 0.912s

(g) t = 2.166s (h) t = 4.446s (i) t = 6.042s

Figure 4.6: Time-sequential visualization of yeast cells, initially captured, being dis-
placed and carried away by the fluid flow, upon deactivation of the FIDT. The width
of the channel was 300 µm and the height was 240µm.

Finally, the experiments were also repeated with microbubbles. The conditions
were slightly different from the experiments with PS particles and yeast cells, as a
channel with a diameter of approximately 50 µm was used to more closely mimic the
dimensions of the zebrafish’s dorsal aorta, which measures approximately 36 µm [39].
Under these conditions, it was possible to capture the microbubbles using a frequency
of 39.2 MHz. However, since microbubbles have a negative ACF, they migrated to
the walls of the channel upon FIDT activation because the antinodes of the acoustic
standing wave are located at the channel boundaries. Clusters of microbubbles initially
captured in the center of the channel were observed to gradually migrate to the walls
of the channel over time, as indicated by the red arrows in Fig. 4.7.
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(a) t = 0s (b) t = 0.114s (c) t = 0.909s

(d) t = 3.296s (e) t = 11.360s (f) t = 15.910s

(g) t = 18.178s (h) t = 20.904s (i) t = 24.086s

Figure 4.7: Time-sequential visualization of microbubbles captured at the walls of the
channel after FIDT actuation, under controlled fluid flow conditions. The width of
the channel was 50 µm and the height was 30 µm.
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4.3 Manipulation of Microbubbles in Zebrafish

Embryos

The yolk of the zebrafish embryo is a nutrient-rich part of the embryo that provides es-
sential resources to the developing embryo[49]. This cavity was the site of injection for
fluorescent microbubbles, resulting in their accumulation in this area, as can be seen
in Fig. 4.8. Furthermore, the large cavity and slow background streaming provided
favorable conditions for manipulating the microbubble clusters, which is highlighted
in Fig. 4.9 by the red arrow. The cluster of microbubbles was observed to move upon
FIDT actuation, and by sweeping the frequency around the resonance frequency of
59.2 MHz, the cluster could be moved around. However, the movement was not precise
and it was not possible to control a desired trajectory of the cluster.

The movement of the particles was probably primarily due to acoustic streaming,
generated by the FIDT, since significant streaming motion could be observed. This
manipulation of was successfully reproduced using red fluorescent microbubbles, as
shown in Fig. A.4 in the Appendix.

The velocity of the microbubbles in the main vessel, the dorsal aorta, was calcu-
lated to be 2690 µm/s, whereas the velocity in the cavity of the yolk was measured
to be much lower at 625 µm/s. Velocity was measured and calculated as described in
Chapter 3.4.

Figure 4.8: Zebrfafish under the fluoresent microscope

34 Chapter 4 Julian Luginbühl
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(a) t = 0s (b) t = 8s (c) t = 16s

(d) t = 24s (e) t = 32s (f) t = 36s

(g) t = 39s (h) t = 42s (i) t = 45s

Figure 4.9: Manipulation of green fluorescent microbubbles in the yolk sac of a ze-
brafish embryo using the FIDT with a resonance frequency of approximately 59.2
MHz.
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In the same cavity as shown in Fig. 4.9, and at the same resonance frequency
of 59.3 MHz, a straight line pattern was achieved by activating only one pair of
opposing FIDTs, as depicted in Fig. 4.10. The pattern could still be formed despite
the relatively high fluid velocity of 625µm/s was present.

Figure 4.10: Pattern of parallel lines in the zebrafish’s yolk sac, indicated by the red
arrows.
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Chapter 5

Discussion

The objective of this bachelor’s thesis was to achieve in vivo particle trapping and
manipulation within the vasculature of zebrafish embryos. As a preparatory step, in
vitro experiments were conducted to characterize IDTs and simulate the vessel using
microfluidic channels.

5.1 In Vitro Experiments

The in vitro trials were very promising, as particle trapping and manipulation were
successfully achieved under various conditions.

5.1.1 In Vitro Experiments under Static Conditions

Static conditions without fluid flow produced the most favorable outcomes. Using
FIDTs with an individual electrode width of 50µm and using PS particles, the exper-
iments demonstrated that it is possible to capture a cluster of particles in a single dot
of the focal point of the FIDT. This was achieved at a resonance frequency of approx-
imately 39 MHz. Additionally, it was shown that by slightly adjusting the frequency
around the resonance frequency, deformation of the particle cluster could be achieved.

At the higher harmonic of approximately 59 MHz, the cluster could not be formed
as homogeneously as at 39 MHz, and a higher order pattern, with multiple pressure
nodes at the focal point was observed. Even higher resonance frequencies could not
be determined, as the function generator in this project was limited to 60 MHz.

5.1.2 In Vitro Experiments under Non-Static Conditions

Under conditions with non-zero fluid velocity, the results deviated from the desired
outcomes. PS particles trapped at the focal point of the same FIDT, as mentioned
above, experienced elongation along the channel direction, forming a striped accumu-
lation pattern. This phenomenon likely resulted from the interaction of two factors.
First, trapping was only possible at approximately 59 MHz, the frequency at which
a higher harmonic pattern, with multiple pressure nodes at the focal point, was ob-
served in the absence of fluid flow. Second, the background fluid flow introduced a
drag force, which stretched the preexisting checkered pattern along the channel direc-
tion. The combined effects of acoustic trapping and drag force appear to have caused
the observed striped accumulation pattern. Furthermore, the trapping phenomenon
was observed at two distinct heights within the channel, raising important questions
regarding the controlled positioning of the FIDT’s focal point along the z-axis, per-
pendicular to the plane of the FIDT. This was probably observed because of the effects
of the higher harmonic, which also introduces stronger streaming.
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It was not possible to trap the PS particles at the lower resonance frequency
of approximately 39 MHz, as the power of the SAW was probably insufficient to
counteract the increased drag force induced by the background fluid flow. The power
scales with the square of the voltage, but even with increased voltage, trapping at
approximately 39 MHz could not be achieved.

5.2 In Vivo Experiments

The in vivo experiments encountered several difficulties and sources of error, as the
environment of a living creature introduces a lot more complexity.

5.2.1 Fast Fluid Flow in Comparison to In Vitro Simulations

The measured velocities of the particles in the dorsal aorta of the zebrafish were
an order of magnitude higher than those observed during the in vitro trials, where
conditions in the zebrafish were simulated, as shown in Fig. 5.1. Additionally, the
calculated velocity of the microbubbles in the zebrafish vessel represents an average
velocity, as the blood flow is not steady and accelerates and decelerates substantially.
Thus, the velocity of blood flow in the main vessel of zebrafish was even higher for
short periods of time, with peak velocities measured at up to 5800µm/s, more than
ten times the maximum velocity calculated in the in vitro trials of 400.16µm/s,
while the lower limit of the flow velocity in the dorsal aorta of zebra fish found in the
literature was approximately at 1200µm/s [40]. This very wide range of velocities in
the dorsal aorta of zebrafish could be an explanation for why it was possible to trap
particles under simulated conditions in the in vitro experiments but not in the main
vessel (dorsal aorta) during the in vivo experiments. The highest measured velocity
at which particle manipulation could still be observed, was at 600 µm/s in the yolk
of zebrafish. Based on the data collected in this project, only an approximate range
for the critical flow velocity threshold can be inferred for successful particle trapping,
estimated between 625 µm/s and 2690 µm/s.

5.2.2 Trapping in Narrow Vessels

The capture and manipulation of particles in the narrow blood vessels of zebrafish
proved to be challenging. Successful trapping and manipulation were achieved exclu-
sively in the larger cavities of the zebrafish’s vasculature, such as the yolk sac, where
manipulation could be clearly demonstrated. One potential reason for this difficulty
could be the density of the fluorescent particles used. Their higher density (approx.
1.05 g/cm3), compared to the density of blood plasma (approx. 1.025g/cm3) [48],
probably caused them to sediment rather than remain suspended, preventing them
from circulating in the zebrafish vasculature [50]. Additionally, the surface properties
of the fluorescent particles may have interacted unfavorably with the rough wall of
the blood vessel, potentially leading to adhesion or entrapment of the particles in the
wall. The fluorescent particles are not deformable, which could have led to a lack of
flexibility to navigate the narrow and dynamic environment of the blood vessels.

To address the density-related issue, fluorescent microbubbles were employed, as
they have a lower density compared to blood components and have been successfully
trapped in previous work using BAWs [11]. Additionally, the deformable nature of
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Figure 5.1: Particle velocities (in vitro) with controlled fluid flow compared to the
velocity of microbubbes during in vivo trials in the zebrafish’s dorsal aorta and yolk.
The error bars represent lowest and highest velocities measured or found in literature
for each particle (they do not represent mathematical standard deviations).

microbubbles could be an advantage of the non-deformable fluorescent particles. How-
ever, similar to the fluorescent particles used previously, microbubble manipulation
was only effective in the larger cavities. Efforts to enhance the trapping of microbub-
bles in smaller vessels by increasing the voltage amplitude failed. Furthermore, there
was an upper limit to the applied voltage, as the zebrafish’s heart rate became crit-
ically fast at voltages near 1.4 Vpp (multiplied by the factor 15 by the gain of the
amplifier) and stopped entirely at higher voltages. It is also possible that the IDT’s
focal point was not aligned with the main vessel, as alignment is difficult to control.

5.2.3 Adjustability of the Focal Point Height of FIDT’s

As described in Chapter 2.1.7, SAWs only propagate along the substrate surface. For
this reason, it is challenging to arbitrarily adjust the position of the FIDT’s focal point
in the z-direction, perpendicular to the IDT plane. It was observed that increasing
the amplitude caused the z-position of the FIDT’s focal point to shift away from
the device, but this is likely due to stronger streaming and cannot be controlled
precisely. This issue is particularly problematic in a the in vivo experiments, as
zebrafish embryos do not have uniform dimensions, and the relative height of the
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vessels to the FIDT can vary depending on the orientation of the zebrafish and how
the embryo is embedded in the agarose gel.

5.2.4 Fluorescence Spectra Mismatch

The fluorescent particles initially used emitted light in the red spectrum and not in the
green spectrum, as was expected. This caused overlap with the genetically induced
red fluorescence of the zebrafish, making it difficult to distinguish particles. Particles
emitting in the green spectrum would have provided better contrast, enabling clearer
visualization of the particles during experiments.
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Chapter 6

Conclusion & Outlook

The manipulation of microparticles utilizing SAW devices has shown promising results
but requires further investigation. In particular, the in vivo trials should be repeated
and extensively optimized, as these experiments still contain significant uncertainties
that need to be studied more rigorously to ensure reliable and reproducible results
of trapping and manipulating of particles in blood vessels. If particle trapping and
manipulation within zebrafish vessels could be reliably demonstrated and a method
for adjusting the height of the IDT’s focal point is developed, this technology could
enable a variety of promising applications.

6.1 Optimization for Future Research

During this project, various areas of improvement were identified, and in the following
section recommendations are provided to address these aspects.

6.1.1 Enhancing In Vitro Simulation of Blood Vessels

The in vitro setup could be further optimized to better simulate conditions in blood
vessels. One recommendation is to connect a pump to a microfluidic channel to
precisely control the fluid velocity and match the in vivo conditions. With this setup,
it would be beneficial to determine the maximum blood flow velocity, at which it is
still possible to capture and manipulate particles.

Furthermore, a fluid with viscosity similar to blood could be used to better replicate
the actual in vivo environment.

6.1.2 Addressing the Challenge of Limited Vertical Adjusta-
bility of the IDT Focal Point

To manipulate particles not only in a 2D plane but also in 3D, future work must ad-
dress the issue of limited resolution along the z-axis (perpendicular to the IDT plane).
The lack of control in the z-direction currently restricts the broader applicability of
SAW devices. This challenge highlights the need for technological advancements that
enable more precise particle manipulation in three dimensions.

6.1.3 Systematic Repetition of Experiments and Interdisci-
plinary Collaboration

The blood vessel environment introduces many more uncertainties compared to in
vitro trials with microfluidic channels. Factors such as flow velocity, unsteady flow,
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rough vessel walls, and variations in particle size and density create significant chal-
lenges. To minimize these uncertainties, in vivo experiments should be repeated
systematically. Collaboration with biologists and physicists specializing in this area
would be highly beneficial for refining the experimental setup and addressing potential
errors.

Furthermore, investigating particle behavior beyond the frequency range tested in
this project could yield additional insights.

6.1.4 Exploring Use of Younger or Older Zebrafish Embryos

Blood flow velocity increases until the zebrafish reach 3-dpf, as shown in the theoretical
background on zebrafish embryos [40]. Thus, to reduce the effects of drag force caused
by high blood flow velocities, experiments could be conducted with zebrafish embryos
at 24-hpf or at 4-dpf. This could enable more stable experimental conditions.

6.2 Possible Future Applications

Addressing the aforementioned challenges could pave the way for the potential appli-
cations discussed in the following section.

6.2.1 Enhanced Targeted Drug Delivery

More precise trapping of microbubbles or ultrasound-responsive polymer vesicles
within blood vessels could significantly improve targeted drug delivery. By combining
FIDTs and TSAW devices, microbubbles could be trapped at specific vascular sites.
Subsequent ultrasound-mediated destruction of microbubbles by a TSAW device could
improve localized drug release, thereby increasing therapeutic efficacy [51], [52], [53].

6.2.2 Vessel Occlusion for Tumor Treatment

Occluding blood vessels that supply tumors with nutrients and oxygen has been shown
to inhibit tumor growth. If it is shown, that FIDTs can reliably form sufficiently larger
particle clusters to stop blood flow in vessels, this could be a promising non-invasive
treatment. Currently, this approach is achievable only through High-Intensity Focused
Ultrasound (HIFU) [54].

6.2.3 Clotting of Bioparticles for Hemophilia Treatment and
Wound Healing

Effective wound healing requires the formation of blood clots to prevent excessive
bleeding and to facilitate tissue regeneration. FIDTs could accelerate or enhance the
clotting process by capturing platelets and facilitate their aggregation at the wound
site [55]. For patients with hemophilia, this could offer a non-invasive alternative to
traditional treatments [56].
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References

[1] Martin Wiklund. Acoustofluidics 12: Biocompatibility and cell viability in mi-
crofluidic acoustic resonators. Lab on a Chip, 12(11):2018–2028, 5 2012.

[2] Andreas Lenshof, Carl Johannesson, Mikael Evander, Johan Nilsson, and Thomas
Laurell. Acoustic Cell Manipulation. Part of the book series: Microsystems and
Nanosystems, pages 129–173, 2017.

[3] Ghulam Destgeer and Hyung Jin Sung. Recent advances in microfluidic actua-
tion and micro-object manipulation via surface acoustic waves. Lab on a Chip,
15(13):2722–2738, 6 2015.

[4] Reza Rasouli, Karina Martinez Villegas, and Maryam Tabrizian. Acoustoflu-
idics – changing paradigm in tissue engineering, therapeutics development, and
biosensing. Lab on a Chip, 23(5):1300–1338, 3 2023.

[5] Xuejia Hu, Jingjing Zheng, Qinghao Hu, Li Liang, Dongyong Yang, Yanxiang
Cheng, Sen Sen Li, Lu Jian Chen, and Yi Yang. Smart acoustic 3D cell construct
assembly with high-resolution. Biofabrication, 14(4):045003, 7 2022.

[6] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and Steven Chu. Observation of
a single-beam gradient force optical trap for dielectric particles. Optics Letters,
Vol. 11, Issue 5, pp. 288-290, 11(5):288–290, 5 1986.

[7] Adem Ozcelik, Joseph Rufo, Feng Guo, Yuyang Gu, Peng Li, James Lata, and
Tony Jun Huang. Acoustic tweezers for the life sciences. Nature Methods 2018
15:12, 15(12):1021–1028, 11 2018.
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Appendix A

Additional Results

A.1 Additional IDT characterization results

A.1.1 FIDT with Electrode Width of 25 µm:

Figure A.1: Upon activation of just one pair of opposing FIDT sections (resonance
frequency of 44.7 MHz, a straight line pattern was formed. The channel width was
100µm and the height was 30µm.

Figure A.2: Upon activation of all four IDT sections (resonance frequency of 42.2
MHz), and deliberate channel offsetting, the particles aligned precisely along the
curved pressure nodes, effectively reproducing the spatial pattern of the FIDT. The
width of the channel was 100 µm and and the height was 30µm
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A.1.2 Straight IDT with Electrode Width of 50 µm:

(a) t = 0s (b) t = 5s

(c) t = 30s (d) t = 70s

(e) t = 106s (f) t = 123s

Figure A.3: Patterning of polystyrene particles using a straight IDT with 4 sections.
Actuating all four IDTs (resonance frequency of 18.4 MHz), results in a checkered
pattern, while actuating just one pair of IDTs, results in line patterns in the same
orientation as the actuated IDT sections. The channel width was 600 µm and the
height was 240 µm. Electrodes colored in blue indicate activated IDTs.
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A.2 Results of Repeated Manipulation of Mi-

crobubbles in Zebrafish’s Yolk Sac

(a) t = 0s (b) t = 0.252s (c) t = 0.644s

(d) t = 1.456s (e) t = 1.960s (f) t = 2.156s

(g) t = 3.360s (h) t = 3.892s (i) t = 5.208s

Figure A.4: Manipulation of red fluorescent microbubbles in the yolk sac of a zebrafish
embryo using the FIDT with a resonance frequency of approximately 59.3 MHz.
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