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Symbol nomenclature

There is a mix of two nomenclatures in this thesis. First the introduction equations are kept in
accordance with the quoted papers, and second the COMSOL module descriptions are presented
with the hard coded equations in COMSOL. To make the equations interchangeable the variables of
each equation were explained next to the respective equation. An overview of the used symbols is

presented in order of ap

pearance in Table 1.

Symbol | Description | Unit
Fluid dynamics and acoustics variables
d; Time derivation
p Mass density kg / m3
v, U Velocity m/s
T Temperature K
s Entropy per unit mass J/K
o’ Viscous stress tensor N/ m?
K Thermal conductivity coefficient W/ mK
14 Pressure Pa
7,1 Dynamic viscosity Pas
B Viscosity ratio
g Acceleration of gravity m/s?
Re Reynold number
d Pipe diameter m
Fp Drag force N
a Particle diameter m
(F,qq) | Time-averaged acoustic axial primary radiation force | N
) Velocity potential of the standing wave field
k Wavenumber 1/m
K Acoustic contrast factor 1/m
A Wavelength m
o Ratio of the speeds of sound and the wavenumbers
x Spatial position in axial direction m
i Imaginary unit
W Angular frequency 1/s
f Frequency Hz
t Time S
I Identity Matrix
F Volume Force N
qa Acoustic dipole source N/ m?3
Qm Acoustic monopole source 1/s?
c Speed of sound m/s
my, Particle mass kg
A Acoustic Impedance Pas/m
Structural mechanics and piezoelectric effect variables
u Displacement field m
A Eigenvalue
D Electric displacement C/m?
Dy Free electric charge densicty c/md
o Stress N / m?
Cp Elasticity matrix N / m?
£ Strain
e Coupling matrix N/Vm
E Electric field V/m
& Relative permittivity

Table 1: Variable description
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Abstract

The focus of this thesis is the development of an ultrasonic resonator. The purpose of the resonator
is to capture nanoparticles for trace analysis chemistry. The Institute of Applied Physics of the Vienna
University of Technology has experience in building ultrasonic resonators and their previous
knowledge was used for optimization of possible cells. The focus of the optimization was the flow
and acoustic characteristics. A cell with a good flow through characteristic was purchased and
equipped with piezo ceramics to be used as an ultrasonic resonator. This prototype was used for
simulations and experiments, which showed very good flow characteristics with a syringe pump and
a decent acoustic capturing force. In a setting of silica particles (MCM-41) in a 1% HNO; suspension
flowing through the cell, possible application methods were investigated for trace analysis chemistry
with an ICP-OES measurement device.

Kurzfassung

Der Fokus dieser Arbeit liegt auf der Entwicklung eines Ultraschall Resonators zum Anreichern von
Nanopartikeln fir die chemische Spurenanalyse. Das Institut flir angewandte Physik der Technischen
Universitdat Wien hat bereits Erfahrungen im Bau solcher Zellen, welche zur Optimierung hinsichtlich
ihrer Stromungscharakteristik und akustischen Eigenschaften genutzt wurden. Als Ultraschall
Resonator wurde eine Quarzglas Durchfluss-Kiivette angeschafft und mit Piezo Keramiken
ausgestattet. Dieser Prototyp wurde fiir Simulationen und Experimente verwendet, die sehr gute
Stromungseigenschaften mit einer Spritzenpumpe zeigten. Zudem wurde eine annehmbare
akustische Schallstrahlungskraft zum Einfangen der Partikel demonstriert. In Experimenten mit
Silizium Partikeln (MCM-41) in einer 1% HNO; Suspension, die durch die Zelle flieBt, wurden mogliche
Anwendungsmethoden fiir die chemische Spurenanalyse mit einem ICP-OES Messgerat untersucht.
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1. Introduction

The introduction was split into a general project synopsis to explain the project circumstances and a
short scientific background of ultrasonic resonators.

1.1. Project synopsis

The overall goal is to increase reliability and reproducibility of trace analysis by reducing manual
sample handling. The approach of realization was to replace error prone particle enrichment by
centrifugation with on-line enrichment in an ultrasonic resonator.

The focus of this thesis is the development of an ultrasonic resonator as part of a project to capture
particles with a size of approximately 500 nm up to 3 um in a water flow. These particles are surface-
functionalized silica-oxides (MCM-41) to capture certain analytes for trace analysis chemistry.

Head of the project is Assistant Prof. Dipl.-Ing. Dr.techn. Andreas Limbeck. The main project
members are Felix Horak for the chemistry part and me for the physics part. The project members
were coordinated by Dipl.-Ing. Cosima Koch. Additionally, Clemens Ditterstorfer was involved in the
beginning of the project to characterize possible cell designs and Géza Horvath did fluid dynamic
simulations of cells with peristaltic and syringe pumps.

Furthermore, consulting support was always provided by Ao.Univ.-Prof. Dr. Martin Groschl and
Ao.Univ.Prof. Dr. Bernhard LendlI.

1.2. Scientific background

Such an ultrasonic resonator, as seen in Figure 1, focuses on optimizing the acoustic radiation force
from external ultrasound waves on suspended micro particles, this effect is known as
acoustophoresis. Generally speaking it has to find a balance between 3 primary forces: gravity, the
water flow drag force and the acoustic radiation force to capture particles. Therefore one has to
understand the fluid dynamics and ultrasound fundamentals necessary for such a resonator.

— e S
Figure 1: Pictures of three different piezo ceramics settings with the same cell: At the top and bottom of
the cells there are the inlet and outlet in between the particle-water suspension flows through the cells.
On the side of the cells there are piezo ceramics powered by a frequency generator to create the
acoustic field in which the particles get captured and become visible as white agglomerates.
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1.2.1. Fluid dynamics

The governing equations in fluid dynamics relevant for acoustophoresis following the description of
Henrik Bruus [1] are:

e The continuity equation which expresses the conservation of mass in classical mechanics. Since
mass cannot spontaneously appear or disappear in a classical system, a relation exists which
links the mass density change over time 0d;p with the mass density flux (p*v) using the
convection velocity v in a fixed region.

d,p =—=V(p*v) Equation 1

e  The heat-transfer equation of the fluid which represents the energy conservation in the system.
It relates the rate of change of energy density to energy density flux.

pT[0;s + (W *V)s] = o": Vv + V * (kVT) Equation 2

The left-hand side is density p times temperature T times the total time derivative of the
entropy per unit mass s, hence it expresses the total gain in heat density per unit time, while the
right-hand side represents the sources for heat gain, namely viscous friction and thermal
conduction using the viscous stress tensor o’ in a double dot product of two tensors which
results in a scalar and the thermal conductivity coefficient «.

e The Navier-Stokes equation which is based on the momentum conservation. In contrast to mass
which can only change by advection, momentum can change by convection, body forces that act
on the interior of the fixed region (e.g. gravitational and electrical forces) and contact forces that
act on the surfaces of the region (e.g. pressure and viscosity forces).

plov + (v *V)v] = —Vp + nV2?v + fV(V = v) + pg Equation 3

The left side can be interpreted as the inertial force densities, density times the sum of the local
and the convective acceleration. The right side is the sum of the intrinsic and applied forces,
namely the pressure, convection, viscous friction and gravity forces. The not yet mentioned
symbols are the dynamic viscosity n of the fluid, the viscosity ratio B and the acceleration of

gravity g.

The Reynolds number Re is a dimensionless quantity from rearranging the Navier-Stokes
equation to be dimensionless. The Reynolds number characterizes different flow types and is
usually used to determine between laminar and turbulent flow. It is defined as the ration
between the mean velocity v times the fluid density p times the pipe diameter d (or hydraulic
diameter in case of non-circular geometry) over the dynamic viscosity n of the fluid.

vxp*d Equation 4
n

Re =

The density of water at room temperature is approximately p= 1000 kg/m?3, the dynamic
viscosity n=1000 Pa*s. The used pump tube has a diameter d=0.13 mm which results at a flow

. - . . 14 1.67%10"8m3/s
rate of V=1ml/min in a mean inlet velocity v = - = 167107 m7/s

A~ (0.13mm)2sm /4~1 mm/s.
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Therefore our Reynolds number using Equation 4 is Re ~ 0.013 which determines a laminar flow
characteristic.

The drag force Fj, for low Reynolds number (Re < 1) is also known as Stokes drag, because it is
derived from Stokes’ Law which is obtained by linearizing the steady state Navier-Stokes
equation. An important example of Stokes flow relates to particle solutions with spherical
particles of the diameter a and a particle velocity v, in a water flow (Equation 5).

Fp=6*m*xn*ax(v—1vy,) Equation 5

1.2.2. Particle manipulation by ultrasonic standing waves

Particle manipulation with ultrasonic standing waves is a known phenomenon, which is used in
multiple applications for concentrating particles at certain locations [2], [3].

Forces are affecting dispersed particles in a carrier medium when an ultrasonic standing wave is
applied. The origin of these forces is a spatial distribution of the acoustic pressure amplitude in the
standing wave.

For the generation of an ultrasonic standing wave two acoustic waves of equal frequency and
amplitude and opposite propagation direction have to interfere with each other. A simple way to
realize this condition is an ultrasonic resonator with a transducer as the source of the ultrasonic
wave, a carrier medium and a reflector. In Figure 2 the generation of a standing wave in an ultrasonic
resonator is shown.

Transducer \ / \ Reflector

Propagation direction of the
incident acoustic wave

—

Transducer \ /

Reflector

Propagation direction of the
reflected acoustic wave

Transducer \ / \ / Reflector

Superposition of incident and
reflected acoustic wave

Figure 2: Generation of a standing wave in an ultrasonic resonator. By courtesy of Dr. Stefan Radel
and Dr. Markus Brandstetter [4].
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When the points of equal phase are located in a plane it is called a plane acoustic wave. The pressure
nodal and anti-nodal planes are then perpendicular to the propagation direction of the sound waves
as seen in Figure 3.

Transducer Reflector

Pressure nodal planes

....... Pressure anti-nodal planes

Figure 3: Planes of an ultrasonic standing wave. By courtesy of Dr. Stefan Radel and Dr. Markus
Brandstetter [4].

This spatial distribution of the acoustic pressure amplitude exerts forces on particles in the acoustic
resonator carrier medium. The acoustic properties of the particles and the carrier medium determine
the axial forces which push dispersed particles into pressure nodes or pressure anti-nodes of the
standing wave dependent on the ratio of the mass densities and the ratio of the sound speeds of
particle and carrier medium.

2 transducer
pg(rjti(iles in
nodal region

v o . / 9
< " ®ee
\ reflector

Figure 4: Left: Development of a standing wave, which leads to the alignment of the particles in the
nodal regions. Right: Alignment of particles between the reflector (left side) and the transducer
(right side). By courtesy of Dr. Stefan Radel and Markus Brandstetter.

Groschl gave a comprehensive description about the theory of particle manipulation by an ultrasonic
field and the theoretical aspects important for resonator design in [5], [6].

The first explanation of acoustic forces on a particle suspension was written by King [7]. His
assumption was a rigid sphere located in an ideal fluid of zero viscosity which was influenced by a
plane ultrasonic standing wave. The result was a non-vanishing axial force on the particles by the
acoustic radiation pressure, named axial primary radiation force. Later, Yosioka and Kawasima
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extended King’s work to a compressible sphere. [8] This led to the expression for the time-averaged
axial primary radiation force <F,,4> in a plane standing wave field as seen in Equation 6.

(Frqq) = 41+ p x %  (k * a)® * K (A, o) * sin(2kx) Equation 6
for ka <1, kpa < 1and A=0(1)

The used variables are the density p of the compressible sphere, the amplitude of the velocity
potential @ of the standing wave field, as described in Equation 7, the wavenumber k of the acoustic
wave, the radius a of the sphere and the acoustic contrast factor K, of the respective particle — fluid
combination. x is the spatial position in axial direction, therefore F,,4 has a sinusoidal amplitude
distribution of half the wavelength of the acoustic field.

The condition ka <<1 and kpa<<1 (kg is the wavenumber of the acoustic wave in the particle)
expresses that the particle diameter a must be small compared to the acoustic wavelength.

®(x,t) = P(el@i-kx) 4 gilwttkx)) Equation 7
150-2 1 Equation 8
K.(A0) == _—
(.0 =30 " 3

In Equation 8 the mass density ratio A=p/p, of the host fluid (p) and the particle (po) and o=vy/v=k/ko,
the ratio of the speeds of sound and the wavenumbers, are used. The sign of the contrast factor
determines if the particles will be pushed into the pressure nodes (K;>1) or into the anti-nodal region
(Ks<1).

The second condition of Equation 6 is A =O(1) , therefore the mass densities of particle and fluid have
to be of the same order of magnitude.

Especially pointed out should be the term (ka)® which represents the particle’s volume, hence the
particle diameter influences F,.4 by the power of three. In comparison, the strength of the standing
wave field @, the contrast factor K; and the density of the particle p are of linear influence.

These considerations were adapted to an arbitrary sound field by Gor’kov, who derived an equation
for three-dimensional space based on a general radiation force potential.

1.3. COMSOL Multiphysics

COMSOL Multiphysics is a simulation program which has the possibility to combine different physics
modules into one simulation model.

The modules used for this thesis are described in the following chapters.

1.3.1. Computational Fluid Dynamics CFD module - laminar flow
module (spf)

As a short description a direct quote is given from the COMSOL Multiphysics product homepage
http://www.comsol.com/cfd-module:
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“The CFD Module is the platform for simulating devices and systems that involve sophisticated fluid
flow models. As is the case with all modules in the COMSOL Product Suite, the CFD Module provides
ready-made physics interfaces that are configured to receive model inputs via the graphical user
interface (GUI), and to use these inputs to formulate model equations. The particular physics
interfaces that the CFD Module is equipped with enable you to model most aspects of fluid flow,
including descriptions of compressible, nonisothermal, non-Newtonian, two-phase, and porous
media flows — all in the laminar and turbulent flow regimes. The CFD Module can be used as a
standard tool for simulating computational fluid dynamics (CFD), or in collaboration with the other
modules in the COMSOL Product Suite for multiphysics simulations where fluid flow is important.

The CFD Module GUI grants you full access to all steps in the modeling process. This includes the
following steps:

e Selecting the appropriate description of the flow, for example single-phase or two-phase,
laminar or turbulent flows, etc.

e Creating or importing the model geometry

e Defining the fluid properties

e Adding source and sink terms, or editing the underlying equations of the fluid model, if
required

e Selecting mesh elements and controlling the density of the mesh at different positions

e Selecting solvers and tuning them, if required”

The used equation is the stationary Navier-Stokes Equation for a compressible Newtonian fluid:

2 .
puxV)u=Vx*[—pl+p (Vu + (V)T — 3 u(V = u)l] +F Equation 9

V+(pu) =0 Equation 10
where
p is the density (Sl unit: kg/m3)
u is the velocity vector (S| unit: m/s), previously noted in chapter 1.2.1asv
p is pressure (Sl unit: Pa)
W is the dynamic viscosity (S| unit: Pa's)
F is the volume force vector (Sl unit: N/m3)

lis the identity matrix

1.3.2.  Acoustics module - pressure acoustic module (acpr)

As a short description a direct quote is given from the COMSOL Multiphysics product homepage
http://www.comsol.com/acoustics-module:

“The Acoustics Module is designed specifically for those who work with devices that produce,
measure, and utilize acoustic waves. Application areas include speakers, microphones, hearing aids,
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and sonar devices, to name a few. Noise control can be addressed in muffler design, sound barriers,
and building acoustic applications.

Straightforward user interfaces provide tools for modeling acoustic pressure wave propagation in air,
water, and other fluids. Dedicated modeling tools for thermoacoustics enable highly accurate
simulation of miniaturized speakers and microphones in handheld devices. You can also model
vibrations and elastic waves in solids, piezoelectric materials, and poroelastic structures. Multiphysics
interfaces for acoustic-solid, acoustic-shell, and piezo-acoustics bring your acoustic simulations to a
new level of predictive power.”

The used equation is an inhomogeneous Helmholtz equation:

1 kZ.p, Equation 11
Vs —(Vp — qq) ——— = Qm
Pc Pc
pt=p+Dpp Equation 12
K2, = (?)2 2 Equation 13
c

The subscript ¢ on the density p and the speed of sound c expresses that they may be complex
numbers. The wave number k., contains both the ordinary wave number k as well as out-of-plane
and circumferential contributions. Note also that the pressure is here the total pressure p, which is
the sum of the background pressure field p, and scattered field p. There are two optional source
terms: the dipole source gq4 (SI unit: N/m?3) and the monopole source Q,, (Sl unit: 1/s2). w = 2nf (rad/s)
is the angular frequency.

1.3.3.  Particle tracing module (fpt)

As a short description a direct quote is given from the COMSOL Multiphysics product homepage
http://www.comsol.com/particle-tracing-module:

“The Particle Tracing Module extends the functionality of the COMSOL environment for computing
the trajectory of particles in a fluid or electromagnetic field, including particle-particle and particle-
field interactions. You can seamlessly combine any application-specific module with the Particle
Tracing Module for computing the fields that drive particle motion. Particles can have mass or be
mass-less. The movement is governed by either the Newtonian, Lagrangian, or Hamiltonian
formulations from classical mechanics. Boundary conditions can be imposed on the particles on the
walls of the geometry to allow particles to freeze, stick, bounce, disappear, or reflect diffusely. User-
defined wall conditions may also be specified, where the post collision particle velocity is typically a
function of the incoming particle velocity and the wall normal vector. Secondary particles released
when an incoming particle strikes a wall can be included. The number of secondary particles and
their velocity distribution function can be functions of the primary particle velocity and the wall
geometry. Particles can also stick to the wall according to an arbitrary expression or a sticking
probability. Additional dependent variables can be added to the model which allows you to compute
quantities like particle mass, temperature, or spin.

Particles can be released on boundaries and domains uniformly, according to the underlying mesh, as
defined by a grid or according to an arbitrary expression. A wide range of predefined forces is
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available to describe specifically how the particles interact with the fields. You can then add arbitrary
forces as defined by a suitable expression. It is also possible to model the two-way interaction
between the particles and the fields (particle-field interaction), as well as the interaction of particles
between each other (particle-particle interaction).”

The used equation is Newton’s second law:

d(m, * v) Equation 14
a e

Where m, is the particle mass (Sl unit: kg), v is the particle velocity (SI unit: m/s) and F; is the force
exerted on the particle (Sl unit: N).

1.3.4.  Structural mechanics module — Piezoelectric devices (pzd)

As a short description a direct quote is given from the COMSOL Multiphysics product homepage
http://www.comsol.com/structural-mechanics-module:

“The Structural Mechanics Module is dedicated to the analysis of mechanical structures that are
subject to static or dynamic loads. You can use it for a wide range of analysis types, including
stationary, transient, eigenmode/modal, parametric, quasi-static, frequency-response, buckling, and
prestressed.”

The used equations are:

—pa)zu —Vsxg=Fv Equation 15
—iw =2 Equation 16

VD =p, Equation 17
o=cge—e"E Equation 18
Equation 19

D =e&e+ E
The naming convention differs in piezoelectricity theory (Equation 18 and Equation 19) compared to
structural mechanics theory, but the piezoelectric devices interface uses the structural mechanics
nomenclature in COMSOL. The strain is named ¢ instead of S, and the stress is named o instead of T.
This makes the names consistent with those used in the other COMSOL structural mechanics
interfaces. Furthermore, p is the density, w is the angular frequency, u is the displacement field, F is
the volume body force, v is the velocity, A is the eigenvalue, D is the electric displacement, p, is the
free electric charge density, c; is the elasticity matrix, e is the coupling matrix, E is the electric field
and &s is the relative permittivity.

1.4. Laser Doppler vibrometer

A Laser Doppler vibrometer is able to measure the Doppler shift of a vibrating surface without
contact. It is possible to measure the vibration frequency and amplitude from the Doppler shift of the
laser reflection of a moving surface to the original laser beam through interference. A strongly
reflecting surface of the target is necessary for good signal processing. The basic principle is shown in
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Figure 5 with the addition of a usually built in Bragg cell for a known additional frequency shift. The
output of the photo detector is a frequency modulated signal with the Bragg cell frequency as carrier
and the Doppler shift as modulation frequency which can be demodulated to derive the velocity vs.
time of the vibrating target.

Mirror N _f, — Q
|—> " Beam f0+fbfl~fd =
f Splitter Photo
Reference A 0 P & Detector
Beam T
Test _
Beam Lfo+fb+fd )
Laser > - )
f — f+f, —
Bsam Bragg Cell  paam o 'b Target

splitter ~ fo*f = Spiitter

Figure 5: Principle of a Laser Doppler vibrometer.
[source: http://en.wikipedia.org/wiki/File:LDV_Schematic.png]

1.5. ICP-OES

The inductively coupled plasma optical emission spectrometry (ICP-OES) is an analytical method used
in trace analysis. It uses inductively coupled plasma to excite atoms and ions which emit
electromagnetic radiation at distinct wavelength characteristic for particular elements, where the
intensity correlates with the concentration of the sample. Figure 6 illustrates the different parts
which process the liquid analyte to become an aerosol excitable by the plasma flame and hence
deliver a signal at the detector.

Plasma

A
] RF-Coil
H—d
Auxiliary 3 i
Argon Gas .- Nebulizer
Riser Tube =5
~ E % Peristaltic
Lo
P— S % Pump
Chamber !
Nebulizer Analyte Feed

Argon Gas

Figure 6: Schematic of an ICP-OES measurement device. By courtesy of Felix Horak.
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2. Materials and methods

2.1. Particles

Felix Horak synthesized a batch of porous silicon particles (MCM-41) [9] which are surface
functionalized for bonding with different analytes (i.e. zircon) particles [10]. Later it was discovered
that the zircon did not bond with the silicon particles but built other structures distributed in the
sample. A small sample of the silicon particles was coated with gold for measurement with a
scanning electron microscope (SEM) to investigate the size distribution. The result is shown in Figure
7, the particles displayed a size spread from 500 to 1000 nm and a tendency to group together as
agglomerates. The density of the silicon particles was estimated with around 1300 kg/m3 due to their
porosity.
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Figure 7: SEM pictures with estimate of particle diameters and agglomerates of MCM-41 particles.
By courtesy of Felix Horak
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2.2. Cell 1 design

This cell was purchased from Wagner & Munz GmbH at the beginning of my contribution to the
project and was the basis for experiments and simulations in this thesis. It was chosen due to its
good flowthrough characteristics and the volume capacity of 1.3 mL which was considered to be a
good match for the ICP-OES pump speed of 1 mL/min. A picture from the cell including its
measurements is illustrated in Figure 8.

Durchfluss-Kuvette, Makro, mit Zu- und Abfluss-Stutzen (Absorptionsmessung), T

m = Bestell-Nr.: 137540
% \'Iln"\
J fir 1 Stiick zzgl. gesetzl. MwSt. (19%) zzgl. Versandkosten

Artikel-Nr: 137-5-40

Durchfluss-Kivette, Makro, mit Zu- und Abfluss-Stutzen Warengruppe:
(Absorptionsmessung), Durchflusskiivette
Typ: 137-QS Schlagworte:

Material: Quarzglas SUPRASIL® , A————_— ‘
Schichtdicke mm: 5 Packung (groB): 1 Stlick
) o Giiltigkeit: 31.12.2014
1 AuRenmaRe HxBxT mm: 45x 125X 7.5, S——
R Letztes Update: 03.01.2014
Apertur HxB mm oder Durchmesser: 20x 9,
Volumen pl: 1300

L&
3 ) (-) Technische Daten:
Schichtdicke:5 mm
Abbildung kann vom Original Material Quarzglas
abweichen

Figure 8: The cell from the Wagner & Munz GmbH homepage with its measurements.

2.3. Cell 2 design

This cell was developed based on Cell 1 with the idea of a better acoustic field by using a material
with a similar acoustic impedance to water for the narrowing to the inlet and outlet. Additionally the
inlet and outlet should be place in a way that all particles have to go diagonally across the nodal
planes of the acoustic field when flowing through.

A possible material for such an impedance match is polydimethylsiloxane (PDMS) as described in
[11]. It has acoustic impedance 30% below water as seen in Table 2 and was chosen due to its
relative cheap price and good availability.

PDMS Water
Speed of sound ¢ [m/s] 1019 1484
Density p [kg/m~"3] 1028 1000
Acoustic impedance Z=p*c [kg/(m?s)] 1.05E+06 1.48E+06

Table 2: Comparison of relevant acoustic parameters from PDMS and Water at 25°C.

The geometry of cell2 was chosen to have an end volume of approximately 1mL and the wall
thickness was chosen based on the considerations in [6] for an optimized acoustic field in the water
volume, transducer carrier wall and reflector wall as shortly explained below.

Carrier wall thickness
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The frequency range between the eigenfrequencies of the piezoceramic and carrier composite
delivers the best performance numbers. Therefore the total phase shift of the acoustic wave
between the outer boundary surfaces of the transducer would ideally be an odd multiple of Pi/2 of
the resonator operating frequency. (At the transducer eigenfrequencies the phase shift is equal to a
multiple of Pi.) This phase shift condition implies Equation 20 as criteria for the optimal wall thickness
of the carrier L. depended on the operating frequency f, and the speed of sound of the used
material.

L 2n—-1)*v Equation 20
T 2xfy
Reflector wall thickness

To minimize power loss in the reflector, no eigenfrequencies of the reflector should appear within
the resonator operating frequency range. Therefore the reflector thickness L, should be close to an
odd multiple of a quarter wavelength of the acoustic wave in the reflector material.

2n—-1)xv Equation 21
T asf,
Equation 20 and Equation 21 were used to plot the ideal wall thicknesses for two chosen frequencies
(f1=1.96 MHz and f2= 6.67 MHz) considering that the material used for cell2 should be aluminum
with a speed of sound v=6420 m/s.

L

optimized wall thickness
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N
(0]
[ ]

1.5 X Reflector f2

05 |

0 5 10 15 20 25
multiples of lambda/2 and lambda/4

Figure 9: optimized values of wall thickness for the frequencies f1= 1.96MHz and f2= 6.67MHz and
a speed of sound for aluminum of v= 6420m/s.

The decision fell on a wall thickness of 2.4 mm because of a minimum necessary structural strength
for handling and production of the cell, as well as the closeness of the 6 MHz carrier value of
2.41 mm and reflector of 2.17 mm and 2.65 mm. The reason for a higher prioritization of the 6 MHz
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peak is the greater difficulty of powering that resonance practically and that the 2 MHz peak range is
usually broader.

The length of the cell was given by the PZT length of at least 25 mm plus a few mm for rounded
corners and the height of the cell was chosen similar to Celll with 7 mm for reusability of the PZT
pieces. The width should be as wide as possible to have a maximum amount of pressure nodes and
therefore more potential to capture particles. Since the volume with included PDMS wedges should
be approximately 1 mL, a width with 10.2 mm was chosen. The complete assembly can be seen in
Figure 10, the construction drawing is in the appendix (Figure 77).

Figure 10: Picture of Cell2 assembly with PDMS wedges. By courtesy of Felix Horak.

To make sure the liquid is not absorbing too much power, a short calculation was done to estimate
the power loss in the liquid layer.

The absorption coefficient a is calculated as shown in Equation 22 by using the parameters for water
at room temperature: p=1000 kg/m3, p=107 kg/ms, W'=2.44, v=1500 m/s.

2mfo)? * (W + 4p/3) Equation 22

- 2xpxv3
Therefore the coefficients at the frequencies of f;=2 MHz and f,=6 MHz are a;(2MHz) = 0,087/m and
a,(6MHz) = 0,786/m. Assuming a power P, = 1 W and a width of x=10 mm the power dissipation over

the liquid layer is the following:

2MHz: P(x) = Py * e %1% = (0,999W Equation 23
6MHz: P(x) = P, * e %2* = (0,992W Equation 24

The values are less than 1% deviation from the initial power and therefore insignificant for our
purposes.

2.4. Ink experiment method

Some ink experiments were previously performed by Clemens Ditterstorfer and Felix Horak with the
purpose of finding cells with good fluid dynamics in the sense that there should not be any dead
volume with low flow where particles could get trapped and not flushed out when necessary.

After | joined the project, a new cell was purchased from Wagner & Munz GmbH as seen in Figure 8.
With this cell the three of us repeated ink experiments to characterize the fluid dynamics. The setup
of these experiments is shown in Figure 11.
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The used peristaltic pump has two speed settings (“rabbit” and “turtle”) which were both used for
the ink experiments and depending on the tube diameter determined the volume flow amount. The
two speed settings correspond to the two simulated velocity field choices.

peristaltic pump

camera

cell

feed1 feed2 waste volume
distilled water inked water

Figure 11: Ink experiment setup

The experiment was done following these steps:

e First the cell and the tubing was filled with distilled water avoiding air bubbles
e Stop the peristaltic pump

e Change to the inked water feed

e Start the pump and only fill the tube before the cell

e Stop pump and change back to distilled water feed

e Set up camera to make picture series

e Start pump and camera

2.5. Ultrasound equipment

2.5.1. PZTs

The ultrasonic waves are generated with piezoelectric materials, which work in a similar manner as
conventional loudspeakers. If an electric field is applied to a piezoelectric material it responds with
an internal mechanical force which leads to either contraction or expansion of the material. If the
electric field is periodic, the expansion also changes periodic and so it can be used as transducer.

Our chosen piezoelectric material is a PZT, which is a composite of lead, circonate and titanate. As
seen in Figure 12 it is a 1 mm thick plate with wrap around electrodes with a length and width of
25mm and the electrodes are made of silver. Since the cells were smaller than 25 mm we had to
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break it into smaller pieces as seen in Figure 12 by scratching it with a glass cutter and breaking over
an edge.

They were purchased from Physik Instrumente(PI) Ceramic GmbH & Co. KG (Lederhose, Germany)
and depending on the thickness the main resonance frequency is around 2 MHz for the chosen hard
PZT type PIC181. It has a high curie temperature which is advantageous for soldering and gluing in an
oven. One should first solder wires on the PZT and then glue it on the desired surface due to a
possible sensitivity of the glue to the soldering temperature.

Figure 12: Pictures of our PZTs. On the left an unused PZT, on the right a broken off piece of such a
PZT, first soldered wires on the electrodes to power it and then glued to a glass plate.

2.5.2. Conductance measurement

The resonance frequencies of a PZT are usually visualized in a conductance spectrum, each peak in
such a spectrum is a mechanical and electrical resonance of the current setting. The conductance (G)
is the real part of the admittance (Y), which is the inverse of the impedance (Z) as noted in Equation
25. The conductance is measured in Siemens and the impedance in Ohm. In Figure 13 the used
impedance analyzer (16777k, SinePhase Instruments) is shown in a possible setup how a
conductance spectrum of a PZT is measured.

E tion 25
Y== ; Y=G+JB quation

Figure 13: Picture of the Impedance Analyzer 16777k (SinePhase Instruments, Hinterbriihl, Austria)
which is used to measure the conductance spectra of the PZTs.

Lukas Strobl Page 19 of 71



|
I lj “Ultrasonic resonator for on-line enrichment of functionalized nanoparticles”

WIEN

2.5.3. Frequency Power Synthesizer

At the laboratory there are two Frequency Power Synthesizer, the FPS4025 and the FPS2540. They
have both the same design but an additional circuit to limit the power output to 2.5 W was added to
the FPS2540. Therefore the FPS2540 (Figure 14) has a more detailed range and is usually used to
power the PZTs. A general rule of thumb is to maximally drive a PZT with 1 W per 1 mL of water
volume to avoid excessive heating.

Additionally, a third frequency generator (Sonosep Controller SC 010, SinePhase Instruments) was
purchased since the before mentioned are not able to power the higher frequency resonances at
around 6 MHz. One has to be careful with its power output for the higher frequency since it uses an
internal frequency doubling mechanism to reach them; therefore the displayed power is only half of

the actual power!

Figure 14: Picture of FPS2540 which is used to power the PZTs.

2.6. Vibrometer experiment

The vibrometer experiments were performed to decide which glue should be used for fixing the PZTs
to the cells. For this purpose two test glue samples were created with an epoxy resin —glue (Duralco
4700 HT) and commercial super-glue (Loctite Superkleber PowerGel) on a small aluminum piece
(both 2.9mm thick) to measure the different damping characteristics. The vibrometer is a Polytec
MSA-400 (Micro System Analyzer) running the PSV Scanning Vibrometer Software 8.8.
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The method of the experiment was to fix the test sample on the measurement table and set up the
focus point of the laser on the edge of the length side at half-width. Then a measurement of the
maximum displacement at a frequency range of 100 — 500 kHz was taken at every 1 mm staying at
half-width until a non-reflective surface was reached (Figure 16). Afterwards the test sample was
turned around as careful as possible and the experiment was repeated with the same amount of
steps as illustrated in Figure 15. The result was a one dimensional grid of mechanical displacement
over a frequency sweep on the PZT silver electrode and opposite aluminum surface with the glue in
between which was used to characterize the glue damping. Additionally, at the first point on both
sides a videos of a small grid (5x7 measurement points corresponding to an area of around 400x600
pum) of the strongest resonance modes were created.

The PZT was powered by a 10 V chirp signal without a reference signal. The chosen optics was VD-02
(25mm/s/V) with a 10x objective and the measurement points were complex mean values over 50
measurements. The vibrometer has an internal low pass with a cut-off frequency of around 1.5 MHz
therefore it was not possible to measure the best resonances of our PZTs and the different frequency
range was chosen which was sometimes used to clean the cell.

<..321]
o000000000O0OQCOCO

X...=> 321
o0000000O0QCOQOCOQCOQCO

Figure 15: Measurement method of vibrometer experiment with a PZT glued to an aluminum base.
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Figure 16: Picture of the vibrometer experimental set-up. The micrometer screw at the bottom of
the picture was used to move the focus point 1 mm per step.

2.7. ICP-OES experiments

The inductively coupled plasma - optical emission spectrometry (ICP-OES) experiments were done to
quantify the actual retention of the cell as a proof of concept. The used ICP-OES is a Thermo Scientific
iCAP6500 RAD of the iCAP 6000 series and the connected PC runs the software iTEVA Control Center
version 2.8.0.96. 1% HNO; was used for the blank feed. The radio frequency power for the plasma
was 1500 W, the peristaltic pump was set to 25 rpm which resulted in a volume flow of approx.
1 mL/min with the used tubing. The gas configurations were a nebulizer gas flow of 0.5 L/min, an
auxiliary gas flow of 1 L/min and a coolant flow of 12 L/min. The particle concentration varied for the
suspension feed with around 0.005g MCM-41 per 10mL 1% HNOs. It was always mixed high enough
to have a base-line of at least a 3000 count/s signal for the silicon 251.6 nm characteristic line. The
particle suspension was always kept in an ultrasonic bath to avoid settling effects and agglomeration.
The measurements were done in the transient signal mode which cumulates the emission signal over
time steps of 3 seconds. The displayed graphs are all background corrected by subtracting the
detector offset signal. For better visualization of the acoustic filtering the data is presented as a first
deviation of the cumulated signal to display plateaus instead of changes in the slope of the original
reading. The set-up for the experiments is sketched in Figure 17 and a photograph is shown in Figure
18.
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We developed the following different measurement methods:

0) Blank — for every new measurement series the first few readings are of a blank feed to
guarantee a stable signal and to know the offset at the detector.

1) Filling the cell — then a reading was taken of how much time is necessary from changing the
feed to a particle suspension to a stable ICP-OES signal.

2) 0.5-2-2.5 measurement — it is our standard retention measurement where the numbers
stand for minutes: 0.5 minutes without acoustic field — 2 minutes acoustic field activated —
2.5 minutes watching the flush out process

3) 5-9-1 measurement — it is our advanced retention measurement where the first 5 minutes
a particle suspension is captured in the acoustic field without taking readings due to inability
in the software to stop the pump during measurement. Then changing to a blank feed and
starting the data acquisition and watch 9 minutes of replacing the cell volume of particle
suspension with a blank while the acoustic field is still active and holding particles, and once
the 9 minutes are over the acoustic field gets deactivated and for 1 minute the flush out of
the captured particles is observed.

Frequency
generator

ICP-OES

plasma

optical sensor

peristaltic pum,

o o =

PZT
aerosol
eneratio
_J B
cell
ultrasonic bath
Software | |€€=
feed1 feed2 : l
ee ee —
blank particle supsension €

Figure 17: Schematic of ICP-OES experiment set-up
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Figure 18: Picture of the ICP-OES experimental set-up.

2.8. COMSOL Simulations

Simulations were mainly done in a simplified 2D model to reduce the required processing power and
if particles were included it was often necessary to scale down the geometry (1:10) for reasonable
processing times and visibility.

An example of the user interface of the model for celll in two dimensions (Figure 19) will now be
used for a general overview of the COMSOL Multiphysics 4.3a version.
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Figure 19: COMSOL User Interface screenshot

The left window is the Model Builder in which all the navigation through the simulation process takes

place, the middle window changes depending on the selection in the model builder and on the right

the current graphic is displayed with information messages below.

The first point in the model builder is “Global definitions” which includes the parameters for the

model. Using variables for all inputs in the geometry and boundary conditions has the great

advantage of having them in a single place and being able to adjust them at any point in the future

while doing so automatically updates the model. For this model the parameters seen in Table 3 were

defined.
Name Expression Description
fo 2 [MHz] Driving frequency
c0 1482 [m/s] Speed of sound
lambda0 c0/f0 Wavelength
dp 1 [um] Particle diameter
rho_p 1300[kg/m~3] Particle density
a0 1.5e6[m/s"2] Normal acceleration of transducer
W 25 [mm)] / scale_factor Width rectangle
H 12 [mm] /scale_factor Height rectangle
10 [mm] /scale_factor Distance triangle
R 3 [mm] /scale_factor Radius inlet/outlet
uo le-3[m/s] Flow Speed
K 2.2E9 [Pa] Particle Bulk Modulus
epsilon 1 [eV] Particle Interaction Force
potenz 3 Lenard-Jones Potential power
scale_factor 10 Geometry scale down factor

Table 3: Parameters of celll 2D model.
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The second point is the model itself which includes the physic modules selected, the built or
imported geometry and the materials used. In my simulations all geometries were built in COMSOL
and in 2D; only the water volume gets simulated and is therefore the only material used. Additionally
it should be noted that if one wants to do acoustic particle manipulation, the predefined meshes of
COMSOL are not sufficient and it is necessary to use a user defined mesh. In my simulations a
triangular mesh with a maximum element size of A/100 was used.

The following points are the studies in which one has to define what should be calculated by
choosing the physics modules and solver. In my simulations only preset studies were used. It is
possible to connect the studies by defining the results of one study as input for the next study. In the
above model, first a stationary study was calculated for the fluid dynamics, which was the input for
the frequency domain study of the acoustic field. And last a time dependent study was calculated on
top of the previous two for particle trajectories.

2.8.1.  Fluid dynamics

The fluid dynamics were calculated for both cells in two dimensional space.

2.8.1.1. Celll

Celll is built with a rectangle of width W and height H in the middle and two triangles with the third
corner at distance D of the rectangle on the left and right of it as seen in Figure 20. The corners are
then filleted with radius R/2 and the inlet and outlet are modeled with points on a similar triangle at
a radius of R from the original corner. In the end it is all combined together into a union.

0.016]
0.013]

4 lef\ Geometry 1 0013
£33 Rectanglel (r1)
/71 Polygon 1 (poll)
/1 Polygon 2 (pol2) 0.008]

0.01]

Point1 (ptl) 00081
+ Point2 (pt2)
« Point3 (pt3) o.00a)
« Point4 (ptd) 0.003]
M Fillet 1 (fit2)

=

Union1 (unil)
# Form Union (fin) 0.003]
4 # Materials
. -0.002
3 ® Water, llquud (matl) T0.01 0.005 o 70.005 To.01 0.015 70.02 T0.025 T0.03 T0.035

Figure 20: Celll COMSOL geometry; on the left every single part and material and on the right the
resulting geometry.

The used parameters:

Name Expression Description

w 25 [mm] / scale_factor Width rectangle

H 12 [mm] /scale_factor Height rectangle

D 10 [mm] /scale_factor Distance triangle

R 3 [mm)] /scale_factor Radius inlet/outlet
scale_factor 1 Geometry scale down factor
uo le-3[m/s] Flow Speed

Table 4: Geometry parameters of celll 2D model.
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The cell is modeled with fluid properties, density p and dynamic viscosity pu from the material. A wall
with no slip (velocity u=0) boundary condition on all edges of the geometry except on the tips
between the points on the left and right as illustrated by the blue lines in Figure 21. The inlet is on
the left side with a normal inlet velocity of u0, the outlet is on the right side with a boundary
condition of pressure p=0.
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Figure 21: Celll fluid dynamic boundary conditions; on the left the model builder elements and on
the right the visual presentation of the boundaries are shown.

2.8.1.2. Cell2

Cell2 is built with a rectangle of width W and height H as a basis. Then the top left and bottom right
corners are cut out with triangles to create one defined water area, shown as red in Figure 22. As a
next step the two triangles are created again as defined PDMS area. Then all corners are filleted and
the inlet/outlet and PZT coupling edges are defined with points.

4 Geometry1|
£33 Rectanglel (r1)
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Figure 22: Cell2 COMSOL geometry; on the left every single part and material and on the right the
resulting geometry is illustrated.
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W 28 [mm] Width rectangle
H 10.2 [mm] Height rectangle
D 1.5 [mm] Drill diameter
R 3 [mm] Fillet radius
wall 3.2 [mm] Drill middle to opposite wall
hole_mid | 11.5 [mm] Complete height
yl H+wall-hole_mid+D/2 Point 1y coordinate
y2 H+wall-hole_mid-D/2 Point 2 y coordinate
y3 hole_mid-wall+D/2 Point 3 y coordinate
\Z! hole_mid-wall-D/2 Point 4 y coordinate
x1 R-sqrt(R*R-(R-y1)*(R-y1)) Point 1 x coordinate
X2 R-sqrt(R*R-(R-y2)*(R-y2)) Point 2 x coordinate
x3 W-R+sqrt(R*R-(y3-H+R)*(y3-H+R)) | Point 3 x coordinate
x4 W-R+sqrt(R*R-(y4-H+R)*(y4-H+R)) | Point 4 x coordinate
u0 le-3[m/s] Flow Speed

Table 5: Geometry parameters of cell2 2D model.

The cell is modeled with fluid properties, density p and dynamic viscosity p from the material. A wall
with no slip (velocity u=0) boundary condition on all edges of the water area except on the drill
points left bottom and top right as shown by the blue lines in Figure 23. The inlet is on the left side
with a normal inlet velocity of u0, the outlet is on the right side with a boundary condition of
pressure p=0.
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Figure 23: Cell2 fluid dynamic boundary conditions; on the left the model builder elements and on
the right the visual presentation of the boundaries.

2.8.2. Acoustic Field

The acoustic field was calculated for celll in a three dimensional model and for both cells in two
dimensional geometries.

2.8.2.1. 3Dcelll1

Celll is built with a block of width W, height H and depth T as a basis. Then the inner water volume
was built with a hexahedron which was copied and mirrored to the downside and combined to a
union of water volume. The 3D Model is illustrated in Figure 24.
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4 A\ Geometryl
) Block1 (blk1)
) Block 2 (bik2)
2 Hexahedron 1 (hexl)
5] Copy 1 (copyl)

Mirror 1 (mirl)

) Union1 (unil)
(& Difference 1 (dif1)
@] Form Union (fin)

4 8 Materials
#8 Glass (quartz) (matl)
#8 Lead Zirconate Titanate (PZT-8) (mat2) zg.j
8 Water, liquid (mat3)

Figure 24: Celll 3D COMSOL geometry; on the left every single part and material and on the right
the resulting geometry.

Name Expression Description

H 45 [mm] Cell height

B 12.5 [mm] Cell width

T 7.5 [mm] Cell depth

pzt T 1 [mm] PZT depth

pzt_H 25 [mm] PZT height

pzt_B T PZT width

wall 1.25 [mm] Wall thickness

glass_speed 3962 [m/s] Speed of sound in glass

a 1.5e6[m/s"2] Normal acceleration of transducer

Table 6: Geometry parameters of celll 3D model.

The cell is modeled with a stress charge form of piezoelectric material, where the matrices were
input from the PIC181 datasheet of Pi ceramics. Since it was only calculated using Eigen frequencies,
the only boundary condition for the PZT is a fixed constraint to the glass volume as seen in Figure 25.
The pressure acoustic model is a linear elastic one with the speed of sound ¢ and density p from the
material. The outer boundary of the glass is a hard wall and the PZT is coupled into the volume with a
normal inward acceleration a at the same surface as the fixed constraint.

4 =% Piezoelectric Devices (pzd)
P Piezoelectric Material 1
®s Freel
®% Zero Chargel
22 Initial Values 1
o' Fixed Constraint 1
al :w Pressure Acoustics, Frequency Domain (acpr)
) Pressure Acoustics Model 1
®s Sound Hard Boundary (Wall) 1
P Initial Values 1
' Normal Acceleration 1

&3 Mesh1

Figure 25: Celll 3D boundary conditions; on the left the model builder elements and on the right
the visual presentation of the boundaries.

2.8.2.2. 2Dcell1

For a description of the geometry, see fluid dynamics part (2.8.1.1).
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The pressure acoustic model is a linear elastic one with the speed of sound ¢ and density p from the
material. The outer boundary as seen in Figure 26 is a hard wall and the PZT is coupled into the
volume with a normal inward acceleration a at the lower edge. Here the option with only one active
PZT at the bottom is shown, it was also possible to use the top edge for simulating a second PZT
powered parallel to the first.

al :*5 Pressure Acoustics, Frequency Domain (acpr)| oo
™) Pressure Acoustics Model 1 0.007]
> Sound Hard Boundary (Wall) 1 b

™) Initial Values 1

= Normal Acceleration 1 0.007 — — = o o ool

0.01 0,005 o 0,005

Figure 26: Celll 2D boundary conditions; on the left the model builder elements and on the right
the visual presentation of the boundaries.

2.8.2.3. 2Dcell2

For a description of the geometry, see fluid dynamics part (2.8.1.2).

The pressure acoustic model is a linear elastic one with the speed of sound c and density p from the
material. The outer boundary as seen in Figure 27 is a hard wall and the PZT is coupled into the
volume with a normal inward acceleration a at the lower edge. Here the option with only one active
PZT at the bottom is shown, it was also possible to use the top edge for simulating a second PZT
powered parallel to the first.

ool

o.01]|
0.009 |
0.008|
0.006 |
0.005|
0.004 ]|

4 :*‘ Pressure Acoustics, Frequency Domain (acpr)

0.003|

Pressure Acoustics Model 1 -
> Sound Hard Boundary (Wall) 1 ocot]

) Initial Values 1 7

-0.001 |

= Normal Acceleration 1 W

Figure 27: Cell2 2D boundary conditions; on the left the model builder elements and on the right
the visual presentation of the boundaries.

2.8.3. Particle Manipulation

For particle manipulation the velocity field was solved in a stationary study and the result linked to
the acoustic field frequency domain study over the “values of dependent variables — initial values of
variables solved for/values of variables not solved for” fields. The same link was used to a time
dependent study for the particle module and the forces need to be linked to the field variables
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(density, velocity  ,dynamic  viscosity  spf/fpl; pressure acpr) as seen in
Figure 28.

The boundary geometry is the same as in the fluid dynamic cases for the wall and inlet/outlet. The
boundary condition for the wall and outlet was “freeze” so that a particle which reaches them is
frozen in place with the velocity and direction information at the time of collision. For most studies a
“release” was used for filling the whole volume with particles with an initial position based on the
mesh. Otherwise the inlet was used with an initial position of uniform distribution and time
dependent inflow of particles.

4 <¥ Particle Tracing for Fluid Flow (fpt)
- P55 walll

» ~4< Particle Properties 1 o

D

nelease 1l
Gravity Force1 Sewiiecion \
Acoustophoretic Force 1 g -g const = mfe
Drag Forcel 0 y
g Particle-Particle Interaction 1 Density:
5 Inlet1 P [Density (spf/fpl) v]
5 Outlet1
w Acoustic Properties
v Drag Force Pressure:
— i i P [Pressure (acpr) v]
|| Turbulent dispersion
Speed of sound:
Drag law: -
c [From material v]
[ Stokes N ] Density:
Velocity field: P [ Density (spf/fp1) -
u [Velocity field (SPf/fpl) v] v Acoustophoretic Force
.. . Specify:
Dynamic viscosity: [Particle bulk modulus -
H [Dynamic viscosity (spf/fpl) N7 Particle bulk modulus:
Ky K Pa
v Force
Interaction force:
Lennard-Jones v
Collision diameter:
o dp m
Interaction strength:
€ epsilon J

v Advanced Settings

[V] Exclude Jacobian contribution for particle-particle interaction

Figure 28: Particle manipulation forces configuration.

Name Expression Description

dp 1 [um] Particle diameter

rho_p 1300 [kg/m~3] Particle density

K 2.2E9 [Pa] Particle Bulk Modulus

epsilon 1[eV] Particle Interaction Force
potenz 3 Lenard-Jones potential power

Table 7: Particle manipulation parameters.
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The particle — particle interaction was later added to simulate agglomeration of the particles.

It is based on a Lenard Jones Potential but was edited from the standard COMSOL equation, because
of limitations in mesh accuracy in addition to very small particle size it happened that agglomerates
exploded in the simulation. Therefore the potential was altered to a less steep curve for more
tolerance to inaccuracies in the calculation.

The interaction strength of the particle-particle interaction is based on London & van der Waals force
with the Hamaker constant [12],based on which an interaction strength e=1eV was chosen.

The particle diameter for most simulations was chosen as o=1um.

Figure 29 shows a comparison of the COMSOL Potential V6 to the used V3 potential.

o\° 0\3 Equation 26
n=4l() - (7)1
o\12 0\ Equation 27
vo=4l(;) -(7)]
3
2
s
9 1
=
- e \/6 [eV]
30| _ ——V3[eV]
g —
) 2 3 4 5
1
2
Distance r [pm]

Figure 29: Lenard Jones potentials with different exponents.

The increase in attraction strength by a factor of 1.5 at the deepest point in Figure 29 is acceptable
considering the inaccuracy in the Hamaker constant. The increase in attraction distance from two
times the particle diameter to four times the particle diameter is also acceptable due to the stronger
acoustic force in the simulation volume and the steep decrease in attraction strength for these
distances. All in all the weaker Lenard Jones potential is only a mathematical model trying to
approximate reality accurately enough which is viable for this simulation.
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3. Results and discussion

3.1. Admittance measurements

3.1.1. Choosing the PZTs

There were 10 Pi Ceramics PIC181 25x25x1mm PZTs available from previous projects. To choose
which PZT to use we measured the spectra of the lower Resonance Peak at 2 MHz because at that
time a frequency generator to power the 6 MHz resonance was not available. The spectra are shown

in Figure 30.
2500000
2000000 e (B02
p e KB03
~— 1500000 KBOS
3 e KBO8
=
E “ e KB 10
1000000 i KB15
e KF 1
500000 ———KF2
/ KF5
o S = KF9
0 M= T T T T
1950000 1970000 1990000 2010000 2030000 2050000 2070000
Frequency [Hz]

Figure 30: Conductance spectrum of all available PZTs.

A ranking of the PZT pieces was established by calculating the sum of the conductance between 2.00
and 2.03 MHz to determine which one could deliver the best performance as seen in Figure 31.
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KF9
KF5
KF2
KF1
KB15
KB10
KBOS8
KBO5
KBO3

KBO2

T T T T T

12000000 12500000 13000000 13500000 14000000 14500000 15000000

Figure 31: Performance ranking of PZTs.

We decided to use KBO3 and KBO5 from the middle field first for testing and experimenting and
saved the best for later. In the end KBO8 was used for Cell2.

3.1.2.  Preparing the PZTs

After breaking the PZTs into pieces by scratching the electrode with a glass cutter and breaking over
an edge, they got new names as seen in Table 8 and we measured how their spectra changed.

New Name | Old Name
P1 KBO5
P2 KBO5
P3 KBO3
P4 KBO3
P5 KF1
P6 KF1
P7 KF2
P8 KF2
P9 KB15
P10 KB15
P11 KBO8
P12 KB08

Table 8: Naming convention of PZTs.

To show how drastically different results breaking can have Figure 32 includes the spectra of the first
5 pieces.
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Figure 32: Spectrum changes depending on how nicely the PZT broke.

For the most experiments P1 was glued to celll so for a detailed look the focus will from now on be
on P1. At the first try to build celll P1 was first glued on it with super glue and then wires were
soldered on it, with the result that the heat from soldering weakened the bonding. Consequently the
spectrum from a water filled cell did not show any additional water peaks (Figure 36). Due to that we
disassembled it using acetone to dissolve the super glue and changed the working steps to first

soldering then gluing.

In Figure 33 the whole spectrum for KBO5, raw P1 and soldered P1 is illustrated. Figure 34 shows the
1.8 — 2.4 MHz frequency range and Figure 35 the 6.4-7 MHz frequency range with the additional
spectra of the whole assembly filled with air and water.
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1000000
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1800000

e KBO5

e raW P1
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|
|
L

2800000 3800000 4800000 5800000 6800000
Frequency [Hz]
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Figure 33: Spectrum changes during P1 preparation, whole spectrum.
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180000 e W P1
160000
140000
soldered P1
@' 120000
=
s 100000
e soldered P1 glued to
« 80000 cell1 filled with air
60000
soldered P1 glued to
40000 celll filled with water
20000 - L4
0 =
1800000 2000000 2200000 2400000
Frequency [Hz]
Figure 34: Spectrum changes during P1 preparation, lower resonances.
250000
200000
e W P1
& 150000
3
= e soldered P1
>
E 100000
soldered P1 glued to celll
filled with air
50000 1 soldered P1 glued to celll
filled with water
0 T
6400000 6600000 6800000 7000000

Frequency [Hz]

Figure 35: Spectrum changes during P1 preparation, higher resonances.

For comparison Figure 36 shows the first gluing with a weak coupling of the PZT into the water
volume and Figure 37 shows the second gluing with easily visible water resonances additional to the
ceramic peak which indicates a better coupling.
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Figure 36: Spectrum changes during P1 preparation, first gluing.
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e sol|dered P1
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)
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~>_-— glued to celll
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10000
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1900000 2000000 2100000 2200000 2300000 2400000

Frequenz [Hz]

Figure 37: Spectrum changes during P1 preparation, second gluing.

After the delivery of the new frequency generator, it was discovered that powering the 6 MHz
resonances wasn’t trivial. So due to troubles of powering the higher resonance at 6 MHz a shorter
cable was needed due its low-pass characteristic.
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Our first cable is approximately 1 m long and by halving the length to 0.5 m we expected to
sufficiently increase the cut off frequency of the low pass characteristic of the RG58 coaxial cable

with approximately 100 pF/m.

The measurements of the PZT spectrum in Figure 38 showed that it was indeed an improvement.
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Figure 38: Spectrum of cable comparison.

From the admittance spectra it was concluded that cable2 was sufficient and it was experimentally

possible to power a 6 MHz frequency which was not possible with cablel.
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When trying to sweep over more frequencies we noticed we were only able to drive the little peak at
6.666 MHz (highlighted by the red circle in Figure 38) with cable2, which correlates with the single
peak in the impedance spectrum at exactly that frequency. This could indicate that at the higher
resonances a sufficient impedance match is necessary to power a frequency.

250000
200000 ' = cablel
\
—_ 150000 e cable2
E
(@]
€ 100000 ‘
= without
o } cable
|
€ 50000 i !
| B \\}“ gy i
\ \\4:\._ WL | A
0 - Al ‘ ‘ A Nt

1800000 2800000 3800000 4800000 5800000 6800000

Frequenz [Hz]

Figure 39: Impedance spectrum for cable comparison.

The vibrometer PZT samples were measured in a different frequency range because the vibrometer
has a low pass filter with a cutoff frequency of 1.5 MHz. Therefore it was decided to take a closer
look at the 100-500 kHz area which we use to clean our cells.

Figure 40 and Figure 41 illustrate the comparison of the PZTs before gluing (while already soldered)
and after the gluing. Luckily enough the finalized spectra of the two are very similar which makes
them easier comparable at the vibrometer.
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Figure 40: Spectrum of P10 comparison.
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Figure 41: Spectrum of P9 comparison.

Lukas Strobl Page 40 of 71



|
I lj “Ultrasonic resonator for on-line enrichment of functionalized nanoparticles”

WIEN

3.2. Vibrometer measurements

Two samples were measured as explained in the method description. They were two aluminum
bases and on them glued with two different glues the above described PZTs P8 (super glue-Loctite
Superkleber PowerGel) and P10 (epoxide resin-Duralco 4700 HT).

The data was written in text files and visualized with python scripts using the matplotlib library.

Waterfall graphs were created to display the amplitude spread over the length of the PZT and the
frequency spectrum for all 4 surfaces and additionally it was tried to summarize it in a 2D color chart
with the previously measured admittance spectrum edited in on the right side. (Figure 44 and Figure
47)

First, the measurements of the epoxide resin sample are presented as waterfalls in Figure 42 and
Figure 43.
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Figure 42: Waterfall graph of epoxide resin PZT side.
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Figure 43: Waterfall graph of epoxide resin aluminum side.
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Comparing Figure 42 and Figure 43 it is visible that the 200 kHz resonance manages to go nearly
undampened through the glue and aluminum and become wider over the length. The 300 kHz is
nearly extinguished through the glue and aluminum volume.

For a different look at the obtained data a 2D color chart was plotted with the displacement over the
rainbow colors in picometer (Figure 44). To compare the frequency distribution with the previously
measured admittance spectrum it was edited in on the right side.
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Figure 44: Color chart comparison PZT to ALU side with epoxide resin glue. Additionally the
admittance spectrum of the PZT was copied to the right side.

Here it is again visible that the 200 kHz resonance goes nearly undampened through the glue and
aluminum volume with a peak of 480 pm PZT side to 450 pm aluminum side and becomes wider on
the top right. Also the 300 kHz resonance is basically extinguished and the frequency distribution fits
very nicely with the admittance spectrum.

Secondly, the measurements of the super glue sample are presented as waterfalls in Figure 45 and
Figure 46.
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Figure 45: Waterfall graph of super glue PZT side.
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Figure 46: Waterfall graph of super glue aluminum side.

Comparing Figure 45 and Figure 46 it is visible that through the super glue the whole spectrum is
significantly dampened. Again the 300 kHz resonance is stronger dampened than the 200 kHz
resonance and the spatial distribution got wider over the PZT length.
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Figure 47: Color chart comparison PZT to ALU side with commercial super glue. Additionally the
admittance spectrum of the PZT was copied to the right side.

Looking at the color chart the widening and correlation with the admittance spectrum is nicely visible
(Figure 47). And considering the color scale the dampening from a peak on the PZT side with 360 pm
to a maximum of 150 pm on the aluminum side shows a significantly stronger dampening than with
the epoxide resin. Nevertheless we decided to use the super glue over the epoxide resin despite the
better coupling for our experiments due to the big advantage of being able to dissolve the glue
without destroying any parts of the assembly.

Hereafter the resonance modes of 200 kHz and 300 kHz are presented as screenshots from vibration
mode videos.
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-100 0 100

tl — maximum pos. displacement

t2 — equilibrium passthrough

t3 — maximum neg. displacement

Figure 48: Resonance mode of super glue PZT side 201 kHz frequency. Nearly optimal longitudinal
wave as expected of a bulk resonator like PZT.

PZT side superglue 305 kHz T

-100 0 100

t1 — maximum pos. displacement

t2 — equilibrium passthrough

t3 — maximum neg. displacement

Figure 49: Resonance mode of super glue PZT side 305 kHz frequency. It is visible that it has a
transversal wave component due to the uneven pass-through the equilibrium plate.
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As seen in Figure 48 and Figure 49 above which are screenshots at the maximum, minimum and
middle of a video displaying the resonance mode it is visible that the 200 kHz is a very nice
longitudinal movement whereas the 300 kHz has a transversal component. The transversal wave is
best distinguishable at t2 with an uneven pass-through the equilibrium plate and through
comparison of the right edge at t1 and t3 as it accelerates faster towards the equilibrium and always
passes through first.

3.3. Ink experiments

The ink experiments done by Clemens Ditterstorfer, Felix Horak and me showed a very good flow
through characteristic, with little dead volume in proximity to the wall and good conformity with the
simulation.

From the respective three photo series, 3 characteristic pictures are shown for the flow through of
the ink, the first one at t1 which shows a filling profile, at t2 which shows the steady state, at t3
which shows the emptying profile.

In Figure 50 the pump setting was on rabbit, therefore the flow speed was faster and the profile was
narrower and faster through the cell. This correlates to the simulation with a higher inlet velocity
(see next chapter Figure 54).

Inlet at the bottom; outlet at the top:

<
= ..‘ - L - . [ - .

tl t2 t3

Figure 50: Ink experiment for fluid characteristic, inlet bottom, outlet top, pump setting rabbit.

In Figure 51 and Figure 52 the pump setting was on turtle, therefore the flow speed was slower and
the profile was wider and slower through the cell. This correlates with the simulation with a lower
inlet velocity (see next chapter Figure 53).
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Inlet at the bottom; outlet at the top:
—_ } v n) v 4 ) ‘

[N H B - 3] [ | . M =
tl t2 t3

Figure 51: Ink experiment for fluid characteristic, inlet bottom, outlet top, pump setting turtle.

In the left picture of Figure 51 the effect of the peristaltic pump is visible through ripples in the ink.
The reason is that the flow of a peristaltic pump is not constant, but rather has periodic stops or even
backflow for short timeframes.

Inlet at the top; outlet at the bottom:

. m = . m- = . mY =
tl t2 t3

Figure 52: Ink experiment for fluid characteristic, inlet top, outlet bottom, pump setting turtle.

There doesn’t seem to be any significant difference in a flow with or against gravity for ink
experiments. For a particle suspension, however, the gravity might have a stronger influence due to
the higher mass of the particles.
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3.4. Simulation results

3.4.1. Fluid dynamics

The stationary velocity field at a volume flow of approximately 1mL/min in a two dimensional
geometry in comparison to the ink experiments results in the following profiles. The inlet speed was
estimated with the inlet tube diameter of 0.13 mm to be:

14 _ 1,67x107%m?/s ) Equation 28
A~ (0,13mm)? 1 /4 mm/s

Vin =

Additionally, a profile at vi,=10mm/s was calculated due to underestimation of the inlet geometry
and for particle simulation it was advantageous to speed up the process of moving the particles from
the inlet into the pressure field.

My colleague Geza proved in his work, that peristaltic pumps are not suitable for ultrasonic
resonators due to their periodic pauses/backflows in the flow profile. All my simulations were done
assuming the use of syringe pumps which have a constant flow profile u;,=const.
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Figure 53: 2D velocity field simulation for celll with vi,=1mm/s.
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Figure 54: 2D velocity field simulation for celll with v;;=10mm/s.
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The profiles in Figure 53 and Figure 54 are in good agreement with the ink experiment results.

The results for cell2 are similar with regards to fluid characteristics when the PDMS is included
(Figure 55 top), without there is a lot of dead volume in the non inlet/outlet corners (Figure 55
bottom).

Figure 55: 2D velocity field simulation for cell2 with vi,,=1mm/s on the left and v;,=10mm/s on the
right, the upper row is with PDMS whereas the lower row without.

3.4.2. Acoustic characteristics

The 3D Simulation of celll with the PZT PIC181 material data, a quartz glass and a water volume
without inlet and outlet was simulated for eigenfrequencies and displacement of the PZT for the 201
and 305 kHz resonances. Higher frequencies were not viable in this geometry, since the solver will
find eigenfrequencies every few Hertz around 2 MHz which are not usable resonances for particle
manipulation. Therefore the resonance frequencies of the vibrometer experiments were simulated:
the 201kHz resonance in Figure 56 and two frequencies were found for the 305kHz resonance in
Figure 57. The 300kHz resonances also demonstrate how vastly different the acoustic field can be
with only a little change in frequency.

Eigenfrequency=2.012085eS Isosurface: Total acoustic pressure field (Pa) Surface: Total displacement (m)

A 9.0924x107* A 2.3809
x102%

% m= 2.3809

80 k= 1.8998

70 k= 1.4187

60 0.9376

S0 0.4565

40 -0.0245

30 p={ -0.5056

20 = -0.9867

-4
107 x10
X x 10 - -1.4678

0 . -1.9488
vo V¥ -1.9488

Figure 56: 3D simulation of celll acoustic field at 201 kHz.
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Eigenfrequency=3.058293e5 Isosurface: Total acoustic pressure field (Pa) Surface: Total displacement (m)
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Figure 57: 3D simulation of celll acoustic field at 305 kHz. The upper picture displays an
eigenfrequency resonace at 305.8kHz, the lower one at 304.9kHz.

All further simulations were done in two dimensions to reduce the processing time and to be able to
add particles in an easier displayable way for better understanding of our cell.
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Figure 58: 2D simulation of celll acoustic field at 2.171 MHz, upper picture displayed with total
acoustic pressure in Pa, middle a picture of the real set-up in comparison and lower picture with
sound pressure level in dB.

In Figure 58 the acoustic field is shown in a 2D view at 2.171 MHz. The simulation was done for the
total acoustic pressure field (top) and for the sound pressure level (bottom). Both can be compared
to the reality of the experiment (middle) at the same frequency powered by one PZT at the bottom.
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In the photograph of the cell it is visible that the field is stronger at the reflector, there are, however,
too few particles for a thorough comparison.

In Figure 59 the cell is compared in the same way as above with the simulation and the reality but for
the 6.666 MHz there were two PZTs at the top and bottom electrically parallel which created the
acoustic field. This time a lot of particles were used but due to the fineness of the higher resonance
field and the third dimension depth it’'s also not easily comparable but appears to be similar.

freq(1)=6.666e6 Surface: Total acoustic pressure field (Pa) .
“
A 1.5024x10°
x10°
1.5

006" T T T T T T T T ™

0.014 —

0.008

0.006

0.004 |

0.002

-0.002 1

-0.004 B
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 W -1.4158x10°

o016 T T T T T T T T ] A 240,53

240
0.014 4

0.008
0.006
180

0.004

0.002

-0.002 E|

-0.004 L L " " " L " " L M-
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 V12256

Figure 59: 2D simulation of celll acoustic field at 6.666 MHz, upper picture displayed with total
acoustic pressure in Pa, middle a picture of the real set-up in comparison and lower picture with
sound pressure level in dB.
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In Figure 60 the acoustic field of cell2 was simulated and the effects of PDMS were investigated. The
idea was to use a material with the same density and speed of sound as water for optimal acoustic
planes. The top picture was calculated using the same density and speed of sound for the wedges in
the top left and bottom right corners. However PDMS does have a different speed of sound than
water which was used to calculate the bottom picture. Due to the not ideal acoustic impedance
match the planes get disturbed and the difference in the speed of sound is nicely visible in PDMS by
the different spatial distribution distance of the maxima and minima of the acoustic field.
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Figure 60: 2D simulation of cell2 acoustic field at 2 MHz with and without PDMS, upper picture is
acoustic field without PDMS and lower picture is acoustic field with PDMS.

3.4.3. Particle manipulation

For simulations usually it was chosen to fill the volume with particles like in the 0.5-2-2.5
experiments, which means particles are distributed on the mesh at time 0 and are continuously
added from the inlet.

In Figure 61 3 um particles are shown in a ten times smaller geometry with initial filling of 1000
particles and additionally an inlet with a speed of 1Imm/s of 20 particles in uniform distribution every
0.01sek for 0.5sek. From the movie three pictures are shown with magenta streamlines of the
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velocity field, acoustic field represented in rainbow colors and particles in grayscale depending on

their speed with three times bigger radius for better visibility.
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Figure 61: 3um particles reacting to the acoustic and velocity field.

The picture series in Figure 61 is without particle interaction so after some time the particles trapped

in the cell will completely overlap at the strongest point in the acoustic nodal pla

nes, which are
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usually near the green lines. The simulation with 3um particles has retention of 100%. It has to be
noted, that due to the geometry shrinking and the strong influence from the reflections at the tips on
the side the acoustic field looks differently than to the real geometry (here only 2 pressure nodes!). It
appears to have now additional perpendicular planes to the propagation direction of the PZT. But for
the purpose of these simulations of particles - field interaction it’s of less importance because the
particles are small enough compared to the acoustic field and always react the same as long as a

pressure distribution exists.

In Figure 62 2 um particles are shown in a ten times smaller geometry with initial filling of 1000
particles and additionally an inlet with a speed of 1mm/s of 20 particles in uniform distribution every
0.01sek for 0.5sek. From the movie three pictures are shown with magenta streamlines of the
velocity field, acoustic field represented in rainbow colors and particles in grayscale depending on
their speed with three times bigger radius for better visibility.
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Figure 62: 2um particles reacting to the acoustic and velocity field.

The simulation with 2um particles has retention of 100% but it is already noticeable slower reaction
in time and weaker strength in the spatial distribution visible by a bigger spread of the particles. It is
also nicely visible that all inlet particles get stuck and overlap at the first possibility in the nodal
plane.
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In Figure 63 1 um particles are shown with the same simulation parameters and graphical displays as
the previous two particle simulations.
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Figure 63: 1um particles reacting to the acoustic and velocity field.

1 um particles are not really reacting with the acoustic field anymore in the simulation and the
retention reaches around 10% at the top and bottom of the cell. This is due to the mesh size and the
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acoustic force getting weaker, in reality the particles create agglomerates and become visible thanks
to that. Because in general it’s not possible to see the particles with the eye, only an opaqueness of
the liquid is visible. As shown in chapter 2.1 our single particles are mostly smaller than 1um but if
two or three agglomerate by coincidence or due to getting pushed together by the acoustic field
their interaction with the field increases and the retention increases as well.

So the next step for the simulation was to include particle-particle interaction to simulate the
agglomeration since we believe it has a huge impact on the retention of smaller particles.

The particle interaction was simulated with 2um particles and a zoomed in picture of a middle nodal
plane is shown in Figure 64. One can see that agglomerates build up quickly at the focal points of the
acoustic field and then stretch along the nodal plane when new particles get caught. The
agglomerate arranges itself in a very dense packing of a few particle width and seemingly unlimited
particle length along the nodal plane.
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Figure 64: 2um particles with particle-particle interaction, development of an agglomerate.

In Figure 65 the path lines are displayed to show where the particles came from and how some went
against the fluid flow direction and on curved paths.
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Figure 65: 2um particles with particle-particle interaction path lines.
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In Figure 66 a more detailed zoom was done on the agglomerate, to improve visibility of the single
particles the displayed radius was halved. Therefore the single particles tend to overlap with % of
their radius due to the weaker Lenard Jones potential and the strong acoustic radiation force. In the
first picture a single particle joins the agglomerate from above and a 3-particles-agglomerate joins
from below. In the next picture shortly after, a stress in the agglomerate is visible in the grayscale of
particle speed which usually happens as a shockwave after absorbing new particles and which
resulted in previous simulations in an explosion of the agglomerate. But for this simulation the
particles “calm down” after a short time and are perfectly captured.
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Figure 66: 2 um particles with particle-particle interaction, with half radius for visibility due to
overlapping. In the upper picture a 3-particle-agglomerate joins the big one from below and a
single particle from above. On the lower picture is the final constellation at the end of the
simulation where some stress in the agglomerate is visible through the grayscale.

At the end of this chapter a short comparison with the reality also at 2 MHz with similar particle
concentration will be shown in Figure 67, with red bordered a possible region of the simulation.
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Figure 67: Photograph of celll driven at 2 MHz. Agglomerates of MCM-41 particles are clearly
visible.

It is not too far away from the simulation, with agglomerate size and density and therefore a
somehow reasonable modeling.

3.5. ICP-OES results

The inductively coupled plasma - optical emission spectrometry (ICP-OES) experiments were
performed to quantify the actual retention of the cell as a proof of concept. The settings were as
described in chapter 2.7. The particle concentration varied for the suspension feed with usually a few
hundred pL per 40mL 1% HNOs;. It was always mixed high enough to have at least a 3000 count/s
signal for the silicon 251.6 nm characteristic line. The other characteristic lines (the second silicon
and three zircon lines) were kept for possible cases when the main line overflows due to
oversaturation at the detector.

3.5.1.  Filling the cell

The first concern to clear was how long it takes the setup to replace the cell volume. For that we
simply filled it with a distilled water/HNO; blank, changed the feed to a particle suspension and got
the following result how long it takes till the particle signal is stable.
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Figure 68: ICP-OES readings over time at different elemental lines (Si 251.6 & 212.4 nm; Zr 327.3
&339.1 & 343.8 nm) during filling of celll with a particle suspension.

As seen in Figure 68, it takes around 60 seconds until the first particles give a signal and around 200
seconds to replace the volume of the cell and tubes with the particle suspension to get a stable signal
at the ICP-OES. The peak at around 260 seconds could be an air bubble which is the worst enemy of
all our experiments, or it could be a flow-through of a big particle agglomerate.

3.5.2. 0.5 -2 - 2.5 measurement

The first comparison was how much the change in retention is, if the flow goes with or against
gravity as shown in Figure 69 and Figure 71.
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Figure 69: Filtering with gravity, the retention is visible between 60 and 160 seconds.

Filtering with gravity has the advantage that the cell doesn’t need to be touched, but has slightly
lower retention and is significantly worse to flush out agglomerates. Because there is the danger of
particle agglomerates getting too big and settling at the bottom of the cell despite the water flow.

Figure 70: Pictures of the effect when switching off the acoustic field.
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The other method was to setup the flow against gravity with turning the cell before turning off the

acoustic field.
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Figure 71: Filtering against gravity, the black line is the estimated mean signal without the acoustic
field, the orange line is the estimated mean signal with an active acoustic field.

This has the advantage of better retention and a nice flush out characteristic (the peak at 160
seconds in Figure 71) after turning off the acoustic field, but needed additional handling to turn
around the cell which was done by hand for the measurements here. An automatic process was
developed to turn the cell around with a motor, more about that concept is written in the appendix.

The repeat of the experiment with a syringe pump after realizing how badly the peristaltic pump flow
characteristic influences the acoustic particle manipulation is shown in Figure 72.
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Figure 72: Filtering against gravity with turnaround using a syringe pump.
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In this setup the retention reaches around 65% and the whole signal becomes smoother, even the
flush out characteristic is getting better and saturating the main silicon line.

3.5.3. 5-9-1 measurement

The main reason for this measurement is to see how strongly particles are kept in the acoustic field
and was only done with a peristaltic pump.
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Figure 73: Flushing out the suspension while particles are captured with an acoustic field at
6.66MHz.

In Figure 73 it is visible that after the before measured 200 seconds the cell and tube volume is
completely exchanged with the blank and the particle signal reaches basically zero and stays there
due to the perfect capture of the particles still in the cell in the acoustic field. At 500 seconds the
field is turned off and the captured particles are flushed out generating a nice enriched peak.

4. Conclusion

The simulation model of the cell seems to be reasonably accurate to help designing cell
characteristics but not nearly good enough to predict the experimental results.

According to our experiments there are two possible ways of using the cell:

1) Loading the functionalized particles with analytes in the cell
The idea is to automatize the process of mixing the functionalized particles with analytes by
first catching the particles in a fine acoustic field and load them with analytes by switching
the inlet feed. This is possible with the current cell at the 6.666 MHz frequency due to a very
fine acoustic field and a peristaltic pump and could be improved by using a syringe pump for
better retention and less disturbances.
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2) Enriching the loaded particles for measurement
The idea is to increase the signal strength of the ICP-OES by enriching the loaded particles
over a certain timeframe to improve sensitivity of measurements.
This is hardly possible with the current cell due to insufficient retention, the syringe pump
improved this application but the retention should still be improved.

All in all the goal of increasing reliability and reproducibility seems reachable by further developing
this concept. Based on our knowledge it should be possible to replace some manual sample handling
processes with an on-line ultrasonic resonator.

5. Outlook

There are many possible ways of trying to improve the cell.

On the fluid dynamic side a good flow characteristic with as little dead volume as possible and a
constant flow speed seems essential and could be further improved through simulations and cell
design. The acoustic impedance match with PDMS seems to be a good way for designing good fluid
dynamics without losing acoustic advantages. A better material for the impedance match could be a
material named Rho-c which is designed such that its impedance matches the impedance of water
more closely.

On the acoustic side a better understanding of the amplitude displacement of the PZTs through
further research with the vibrometer could lead to an improvement of the acoustic field by matching
the PZT geometry. Also a better understanding of how to glue PZTs to the cell and which materials to
use for the cell could optimize the strength of the acoustic field.

On the particle side it could be possible to increase their size through different synthesizing methods.
As seen in the formulas and simulation the particle size is a very significant parameter for the
retention.

The simulation could be improved by more accurate modeling especially by considering temperature
effects which were basically ignored in our approach. Furthermore if one has more processing power
it could be used to improve the mesh accuracy for better results.

The measurements processes could be completely automated for better usability, reproducibility and
expressiveness.

Acknowledgements

| want to express big thanks to Cosi & Felix for being an awesome project team and providing a
cheerful and constructive work environment as well as their great commitment!

Another big thank you goes of course to my parents for enabling me to study.

Special thanks to my sister in law Niki and my brother Stefan for the LEGO parts and helping me in
building the “automated cell turning machine”.

Lukas Strobl Page 66 of 71



—-—
I l, “Ultrasonic resonator for on-line enrichment of functionalized nanoparticles”

WIEN

Thanks to my twin sister for her help in my eternal fight with languages and formatting skills in MS
word.

Bibliography

[1] H. Bruus, “Acoustofluidics 1: Governing equations in microfluidics.,” Lab Chip, vol. 11, no. 22,
pp. 3742-51, Nov. 2011.

[2] M. Evander and J. Nilsson, “Acoustofluidics 20: Applications in acoustic trapping.,” Lab Chip,
vol. 12, no. 22, pp. 4667-76, Oct. 2012.

[3] M. Grosch, W. Burger, B. Handl, O. Doblhoff-dier, T. Gaida, and C. Schmatz, “Ultrasonic
Separation of Suspended Particles - Part Il : Application in Biotechnology,” vol. 84, pp. 815—
822, 1998.

(4] M. Brandstetter, “Ultrasonically enhanced in-line Attenuated Total Reflection (ATR) infrared
absorption spectroscopy of suspensions,” Vienna University of Technology, 2009.

[5] M. Groschl, “Ultrasonic Separation of Suspended Particles - Part | : Fundamentals,” no.
October 1997, pp. 432—-447, 1998.

[6] M. Groschl, “Ultrasonic Separation of Suspended Particles - Part II: Design and Operation of
Separation Devices,” pp. 632—642, 1998.

[7] L. V. King, “On the Acoustic Radiation Pressure on Spheres,” Proc. R. Soc. A Math. Phys. Eng.
Sci., vol. 147, no. 861, pp. 212-240, Nov. 1934.

[8] Y. Yosioka and K. Kawasima, “Acoustic radiation pressure on a compressible sphere,” Acustica,
no. 5, pp. 167-173, 1955.

[9] M. Griin and I. Lauer, “The Synthesis of Micrometer- and Submicrometer-Size Spheres of
Ordered Mesoporous Oxide MCM-41,” no. 3, pp. 254-257, 1997.

[10] G. Bauer, M.-A. Neouze, and A. Limbeck, “Dispersed particle extraction--a new procedure for
trace element enrichment from natural aqueous samples with subsequent ICP-OES analysis.,”
Talanta, vol. 103, pp. 145-52, Jan. 2013.

[11] I Leibacher, S. Schatzer, and J. Dual, “Impedance matched channel walls in acoustofluidic
systems.,” Lab Chip, vol. 14, no. 3, pp. 463-70, Feb. 2014.

[12] N. Laboratorium and G. Eindhoven-holland, “THE LONDON--VAN DER WAALS ATTRACTION
BETWEEN SPHERICAL PARTICLESby H.CC.HAMAKER,” no. 1, 1937.

Lukas Strobl Page 67 of 71



|
I l, “Ultrasonic resonator for on-line enrichment of functionalized nanoparticles”

WIEN
Appendix

The idea to make the against gravity approach reasonable and reproducible through automating the
turning process came fast. The realization took some time but at the time of writing this it became
useable.

The design of the apparatus to fixate the cell and make it turnable by a motor was a creative process
and difficult task due to shortages in available LEGO pieces. However Niki, Stefan and me managed to
put together the device visible in Figure 74 by working through a challenging and funny Saturday. The
device has a rotatable fork in the front and a LEGO motor on a platform to turn it which can be

controlled by 4 wires.

Figure 74: LEGO construction with motor.

In Figure 75 the Circuit diagram of the motor control is shown. It consists of a microcontroller
(PIC16F627) for the central intelligence which was chosen because | still had it from a previous
project. Additionally it has a L293D motor driver with included free-wheel diodes, a lightbarrier
TCST2103 for signaling when to stop, one switch to signal the turning direction, one push button to
signal the turning start and a 5V modulator MC7805ct to transform the 12V motor supply voltage
into 5V supply for all logic components. As a failsafe method a potentiometer which is usually at 0
Ohm was included to lower the turning speed or even stop the motor from turning.
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Figure 75: Motor circuit.
Lukas Strobl Page 69 of 71

POT
100R



—
I lj “Ultrasonic resonator for on-line enrichment of functionalized nanoparticles”

WIEN

In Figure 76 the flow chart of the program code for the microcontroller is illustrated.

Start

!

Initialise uC
Set port A input
Set port B output

I

i)
not pressed
Start-
button?
l pressed
clockwise Direction counter clockwise
switch?
In1=1; In1=0;
In2=0; In2=1;
Run motor
Wait 100 ms

}

Light Not interrupted
barrier?

i interrupted

Stop motor

|
Figure 76: Flow chart of PIC16F627 program code.
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Figure 77: Cell2 design drawing.

In the following pages there are attached PDF files of the PIC16F627 program code, the datasheet of
the PZT PIC181 and a datasheet of the frequency generator SC 020, which is identically constructed
as the purchased SC 010. The only difference is that the SC 010 has a lower but more precise power

output.
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/*
* File: main.c
* Author: Lukas

* Created on 15. November 2013, 22:25
*/

#include <xc.h> // include standard header file
#include <htc.h>

// PICl16F627 Configuration Bit Settings

#pragma config FOSC = INTOSCIO // Oscillator Selection bits (INTRC
oscillator: I/O function on RA6/0SC2/CLKOUT pin, I/O function on
RA7/0SC1/CLKIN)

#pragma config WDTE = OFF // Watchdog Timer Enable bit (WDT disabled)
#pragma config PWRTE = ON // Power-up Timer Enable bit (PWRT enabled)
#pragma config MCLRE = ON // RA5/MCLR pin function select (RA5/MCLR
pin function is MCLR)

#pragma config BOREN = ON // Brown-out Reset Enable bit (BOD Reset
enabled)

fpragma config LVP = OFF // Low-Voltage Programming Enable bit

(RB4/PGM pin has digital I/O function, HV on MCLR must be used for
programming)

#pragma config CPD = OFF // Data Code Protection bit (Data memory
code protection off)

#pragma config CP = OFF // Code Protection bits (Program memory
code protection off)

// BODEN ON & CP OFF & DATA CP OFF & PWRTE ON & WDT OFF & LVP OFF &
_MCLRE ON & XT OSC

// Definitions
#define XTAL FREQ 4000000 // this 1is used by the delay ms(xx) and
_ delay us(xx) functions

/* Testboard

;SW1 is triggering RAO
;SW2 is triggering RAL
;SW3 1is triggering RA2
;SW4 1is triggering RA3
*/

/*
RAO is the start button for turning

RA1l is the switch for the direction forward/backward
RA2&RA3 are the switches for how long its turning

RBO is the enable Pin at the L298 H-Bridge
RB1 is the Inputl Pin at the L298 H-Bridge
RB2 is the Input2 Pin at the L298 H-Bridge
*/

int main(void)

int waittime=0;



int i=0;

CMCON = 0b00000111;

OPTION REG = Obl11010111;

INTCON = 0x00;

TRISB = 0b00000000; // Port B output
TRISA = Obl1111111; // Port A input

//PORTA=0x00;
PORTB=0x00;

while (1) //endless loop

{
//1if (RA3==1) //enable-all switch?

if (RAO==1) // Start-switch pressed?
{
if (RAl==1) // Direction switch on which side?
//__delay ms(10); // wait time
//if (1==0) // always switch rotation direction
{
RB1=1; // Inl=1
RB2=0; // In2=0
//i=1; // remember direction
}
else
{
RB1=0; // Inl=0
RB2=1; // In2=1
//1=0; // remember direction

RBO=1; // enable
__delay ms(100); // wait time

while (RA2==1) // till photo sensor blocked?

{
// delay ms(1); // wait time

RB1=0; // Inl=0
RB2=0; // In2=0
RBO=0; // disable

return 0O;

}



Complete material data set PIC181
Coefficient Unit Value Coefficient Unit Value
Density kg/ms3 7,85E+03 N1 Hzm 1646
N3 Hzm 2004
Qm 2200 N5 Hzm 1222
Np Hzm 2265
e11Tr 1224 Nt Hzm 2302
€ 33Tr 1135
€ 11Sr 740 d31 m/V -1,08E-10
€ 33Sr 624 d33 m/V 2,53E-10
tan & 3,0E-3 di5 m/V 3,89E-10
k31 0,315 g31 Vm/N -1,08E-02
k33 0,662 g33 Vm/N 2,52E-02
k15 0,629 gi15 Vm/N 3,59E-02
kp 0,551
kt 0,459 e31 N/Vm -4,50
e33 N/Vm 14,70
Poisson (o) 0,35 elb N/Vm 11,00
s11E m2/N 1,175E-11 c11E N/m2 1,523E+11
s33E m2/N 1,411E-11 c33E N/mz2 1,341E+11
s55E m2/N 3,533E-11 c55E N/mz2 2,830E+10
s12E m2/N -4,070E-12 c12E N/m2 8,909E+10
s13E m2/N -4,996E-12 c13E N/m2 8,547E+10
s44E m2/N 3,533E-11 c44E N/m2 2,830E+10
S66E m2/N 3,164E-11 C66E N/mz2 3,161E+10
s11D m2/N 1,058E-11 c11D N/m2 1,550E+11
s33D m2/N 7,930E-11 c33D N/m2 1,664E+11
s55D m2/N 2,134E-11 c¢55D N/mz2 4,686E+10
s12D m2/N -5,235E-12 c12D N/m2 9,182E+10
s13D m2/N -2,268E-12 ¢13D N/mz2 7,061E+10
s44D m2/N 2,134E-11 c44D N/m2 4,686E+10
s66D m2/N 3,164E-11 c66D N/mz2 3,161E+10

Values are only for information - no specification!
Simulation purpose

The data in the table was determined using testbodies with geometries and
dimensions in accordance with European Standard EN 50324 2, and are typical values.

Singular parameters can deviate from catalogue values, because they were measured
at samples whith were taken from one block of ceramics according to the sequence
of IEC483 to get maximum consistency.

Catalogue values reflect the statistical distribution of each individual specication in
prodcution and therefore also take into account spreading from material batch to
material batch.
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