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Abstract

Acoustofluidics has become a well-established technology in the lab-on-a-chip sci-
entific community. The technology involves primarily the manipulation of fluids and/or
particles in microfluidic systems. It is used today for variety of applications such as
handling, sorting, washing and separation of cells or micro-particles, and for mixing
and pumping of fluids. When such manipulation functions are integrated in micro-
devices, the technology has been used for clinical sample preparation as well as for
studying various fundamental bio-related questions.

In this doctoral thesis, we have developed different acoustic methods and micro-
devices with the aim to create a multi-functional sample preparation platform. We in-
troduced a simple method for in-situ measurements of acoustic energy densities inside
a microfluidic channel, from which acoustic pressure amplitudes can be extracted. The
method has been used for determining the magnitude of acoustic radiation forces act-
ing on suspended particles and cells inside an acoustofluidic system. For optimization
of acoustophoresis (i.e. manipulation of particles into the nodes of standing waves),
we have investigated different designs of ultrasonic transducers based on tunable-angle
wedges and backing layers attached to glass-silicon microfluidic chips. Furthermore,
we have investigated the implementation of frequency-modulated actuation method-
ology combined with broadbanded ultrasonic transducers, and the implementation of
multiple ultrasonic manipulation functions localized to spatially separated zones in a
complex microchannel network. We demonstrate two different bio-applications useful
for multi-step and multi-functional sample preparation. First, we demonstrate a micro-
device for size-based separation, isolation and up-concentration of cells, followed by
microscopy-based dynamic monitoring of individual cell properties when introducing
different reagents. This holds great promise for use in cellular and molecular diagnos-
tics. Second, we demonstrate an acoustic method for micro-vortexing in µL-volume
reaction chambers in disposable polymer chips. The method is used for fast mix-
ing of fluids, for disaggregating and re-suspending magnetically trapped and clumped
micro-beads, and for cell lysis followed by DNA extraction. Finally, we demonstrate a
temperature-controlled device compatible with high-acoustic-pressure (1 MPa) ultra-
sonic manipulation of cells, and we demonstrate that cells can be exposed to standing-
wave ultrasound at 1 MPa for one hour without compromising the cell viability.
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Sammanfattning

Akustofluidik (Eng: ”Acoustofluidics”) har blivit en väl etablerad teknik inom
forskningsfältet ”labb-i-ett-chip” (Eng: ”Lab on a Chip”). Tekniken avser främst ma-
nipulation av vätskor och/eller partiklar i mikroflödessystem. Den används i dag för
olika applikationer såsom hantering, sortering, tvättning och separation av celler eller
mikropartiklar, och för blanda eller pumpa vätskor i mikrokanaler. När sådana mani-
puleringsfunktioner integreras i mikro-chip, kan tekniken användas för beredning av
kliniska prover samt för att studera olika grundläggande bio-relaterade frågor.

I denna avhandling har vi utvecklat olika akustik-metoder och mikro-anordningar
i syfte att skapa en multifunktionell provberedningsplattform. Vi introducer en enkel
metod för in-situ mätningar av akustiska energidensiteter inuti en mikroflödeskanal,
varifrån akustiska tryckamplituder kan mätas. Metoden har använts för att bestämma
storleken av akustiska strålningskrafter som verkar på partiklar och celler i suspen-
sion inuti ett akustofluidiksystem. För optimering av ”akustofores” (dvs. manipule-
ring av partiklar till noderna i stående vågor), har vi undersökt olika utformningar av
ultraljudsgivare baserade på variabla ”ljudprismor” och dämpningskomponenter pla-
cerade på mikrofluidik-chip tillverkade i kisel och glas. Dessutom har vi undersökt
implementering av frekvensmodulerade givarsignaler i kombination med bredbandi-
ga ultraljudsgivare, samt implementering av flera ultraljuds-manipuleringsfunktioner
lokaliserade till olika zoner inom ett komplext mikrokanal-nätverk. Vi demonstrerar
användning av metoderna inom två olika bio-applikationer användbara för multifunk-
tionel provberedning utförd i flera steg. I den första applikationen demonstrerar vi
en metod för storleksbaserad separation, isolering och anrikning av celler, följt av
mikroskopi-baserad dynamisk mätning av enskilda cellegenskaper under tillsättning
av olika sorters reagenser. Detta visar sig vara en mycket lovande metod för använd-
ning inom cellulär- och molekylär-diagnostik. I den andra applikationen demonstrerar
vi en akustisk metod för ”mikro-vortexing” (dvs. kraftig mikroskopisk omrörning av
vätska) i mikroliter-stora reaktionskammare i engångschip tillverkade av plastmaterial.
Metoden används för snabb blandning av vätskor, för upplösning och återsuspendering
av magnetiskt fångade och hopklumpade mikro-partiklar, och för cellysering följt av
DNA-extraktion. Slutligen visar vi en temperaturreglerad anordning som är kompati-
bel med ultraljudmanipulering av celler vid höga akustisk tryck (1 MPa), och vi visar
att cellerna kan exponeras för stående ultraljudsvågor vid 1 MPa under en timme utan
att påverka cellviabiliten.
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Chapter 1

Introduction

All around your existence, the world
is nothing but a wave!
Fakhruddin Iraqi (1213-1289)

introduction:

در محیط هستیت، عالم به جز یک موج نیست!
- فخرالدین عراقی

2.1 Microfluidics 
آب حیات عشق را در رگ ما روانه کن!  

- موالنا جاللدین رومی   

2.2 Acoustics 

از صدای سخن عشق ندیدم خوش تر، یادگاری که در این گنبد دوار بماند!  
- حافظ 

3.1 Actuation  
نخستین یکی جنبشی بود، فرد 
بجنبید چندان که جنبش دو کرد 

چو آن هر دو جنبش به یک جا فتاد 
ز هر جنبشی ، جنبشی نو بزاد   

- فرید الدین عطار نیشابوری  
 

3.2  Transducer design: 

4.1 Light intensity method for measuring acoustic energy density [ref to Per and Rune ]

ظلمت ما را فروغ نور وحدت جاذب است
سایه آخر میرود ازخود به طرف آفتاب

-بیدل دهلوی    

4.2 Sample preparation  

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

There is nothing in our universe which can be found at rest. Every single “thing” has a
motion, or vibration. According to a Persian poem: “We are alive not to rest, like a wave,
our comfort is our nonentity”. A periodic vibration in time and space (oscillation) can be
described mathematically, as a wave motion, using the wave-equation. This mathematical
equation plays a very fundamental role in our understanding of reality. From fluid dynam-
ics to acoustics, from Maxwell’s theory of electromagnetic waves to gravitational waves
and quantum theory, in which any particle has a corresponding wave-length [1], physicists
use the wave-equation to describe a model that explains a lot of phenomenons in nature.

This thesis takes standing waves into the microscopic world of cells and microparti-
cles, inside the micro-scale ocean of fluids. The wave is guided to produce a platform of
processing biofluids and complex bio-samples for future use in medical diagnosis.

1.1 Framework of the thesis

Separation, up-concentration and purification of bioparticles from complex biosamples
(usually biofluids such as blood) are essential for research fields in the area of medical
diagnosis, in particular for sample preparation1. Microfluidics offers the possibility of per-
forming many of these steps within the volumes, using automated and multiplex devices,
usually referred to as lab-on-a-chip devices. They have high throughput, low cost and are
accurate because of the precise control over the forces driving their functions [2–4].These
forces can be applied directly by mechanical contact with the sample, or alternatively elec-

1 you can read more about it in section 4.2.

1

http://en.wikipedia.org/wiki/Fakhr-al-Din_Iraqi
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tric, dielectric, magnetic or hydrodynamical forces can be used for processing such sam-
ples [5–9]. Using acoustic forces for manipulation of fluids and suspended particles in a
microfluidic device is called “acoustofluidics”. A broad range of growing research and
applications exist within this area, which shows a potential as a powerful tool for scientists
to perform label-free, gentle and contactless mechanical manipulation [10–13]. During the
past ten years, acoustofluidics has been used for various purposes such as separation of
lipids from blood cells [14], study of natural killer cells interacting with cancer cells [15],
formation of cancer spheroids [16], controlling raw milk [17], plasmapheresis of whole
blood [18], and trapping of bacteria [19].

Yet, several challenges remain within this research field. For instance integration of
different manipulation functions in a single device, handling real physiological samples
with relevant concentrations, the ability of controlling particles with sub-micrometer di-
mensions, developing simple designs or lowering the cost by using disposable chips.

Thereupon, the motivation for this thesis is to establish multi-step devices which can
be used for sample preparation. Experimens and analysis are used to develop different
designs and methods for further improvement of acoustofluidics.

1.2 Frequencies and the length scale of acoustofluidic systems

1.2.1 Frequency regime

Audible sound is referred to frequencies between 20 Hz-20 kHz. Any frequency below
20 Hz is called infrasound and above 20 kHz, ultrasound. In this thesis we use ultrasound
waves. In Figure 1.1 you can find the relevant frequencies used in the frame work of this
thesis marked with orange color. The Italian priest and physiologist Lazzaro Spallanzani
in the 18th century did some experiments on bats which showed that they could navigate
in darkness around obstacles, but if their mouths were covered they bumped against any
obstacles [20]. He concluded that:“The ear of bats serves more efficiently (than the eye)
for seeing, or at least measuring distances...”. He hypothesized that bats navigate using
sound waves that are not audible to humans. However this remained a mystery termed as
“Spallanzani bat problem” until 1938 when Griffin and Galambos, two Harward fellows,
could finally record the echolocation ultrasound of the bats by using a sonic detector [21,
22].

1.2.2 Length scale

In the mid-nineties the concept of microtechnology was vastly spreading in other fields.
Micro electro mechanical systems (MEMS) enabled scientists to fabricate and develop the
concept of lab-on-a-chip (LOC) systems. LOC could provide several laboratory functions
on a single chip, some square centimeter in size, and became a hot research topic in many
groups. A microfluidic system is closely related to the lab-on-a-chip concept. In such sys-
tems the volumes are from some 100 micro-liters down to some femto-liters and the typical
sizes of particles is between a couple of micrometers to nanometers. In this thesis the size
of studied particles is between 1 µm and 20 µm both for cells and the microparticles and
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Audible sound for human

 Frequency-rage used in this Thesis  
Earthquake waves

Bat echolocation 

Volcanoes

Medical ultrasound

Surface acoustic waves

Highest-frequency elastic wave generated 
piezoelectrically

Frequency [Hz]

Ultrasound cleaners

Figure 1.1: The broad rang of acoustic waves. The marked line is the range of frequencies used in
the present thesis. The frequencies are approximate and the figure is adapted from Ref [23].

the typical volume of a chip is below 100 µl except in special cases. In Figure1.2 you can
find the length scales relevant with the thesis length scales marked in orange 2.

Figure 1.2: Length scales smaller than human height. The scale that is within the context of this
thesis is marked with orange color. Inspired from Rune Barnkob [24].

1.3 Thesis outline

The thesis consists of five chapters and five papers. In chapter 2 I go through the back-
ground and theory behind the research performed which involves both the theory of mi-
crofluidics and the theory of acoustics. In chapter 3, I explain the components and criteria
upon which the acoustofluidic system in the thesis is based, such as building a resonator as

2The reader is encouraged to visit “http://htwins.net/scale2/”to get a visual tour on the scale of the universe.

http://htwins.net/scale2/
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well as showing the different types of transducer designs. Chapter 4 contains new appli-
cations developed by the author and co-authors. Finally chapter 5 contains discussion and
outlook.



Chapter 2

Theory of acoustofluidics

Acoustofluidics, as the name implies, is the use of ultrasound waves (acoustic pressure
field) in microfluidic devices. I was one of the participants at the first acoustofluidic sum-
mer school in Udine, Italy 2011 where the pioneers of this research field decided to spread
the research field by publishing a series of papers under the title of “Acoustofluidics” in
the journal of Lab on a Chip [25]. This series is an excellent reference for further reading
on the contents of chapter 2.

2.1 Microfluidics

Let the love, elixir of life, flow
through our veins!
Rumi (1207-1273)

introduction:

در محیط هستیت، عالم به جز یک موج نیست!
- فخرالدین عراقی

2.1 Microfluidics 
آب حیات عشق را در رگ ما روانه کن!  

- موالنا جاللدین رومی   

2.2 Acoustics 

از صدای سخن عشق ندیدم خوش تر، یادگاری که در این گنبد دوار بماند!  
- حافظ 

3.1 Actuation  
نخستین یکی جنبشی بود، فرد 
بجنبید چندان که جنبش دو کرد 

چو آن هر دو جنبش به یک جا فتاد 
ز هر جنبشی ، جنبشی نو بزاد   

- فرید الدین عطار نیشابوری  
 

3.2  Transducer design: 

4.1 Light intensity method for measuring acoustic energy density [ref to Per and Rune ]

ظلمت ما را فروغ نور وحدت جاذب است
سایه آخر میرود ازخود به طرف آفتاب

-بیدل دهلوی    

4.2 Sample preparation  

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

Even though the Egyptians had different myths of creation, they all agreed that the
universe arose from lifeless waters of chaos “Nu” (also Nun) and from benben, a pyramid-
shaped mound that was the first thing to rise from the waters. The tale perhaps inspired by
the outbursts and flooding of the river Nile. After receding floodwaters it left fertile soil,
so Egyptians probably correlated this to birth of new life out of chaos. In Persian, the word
water is “Äb”, the first alphabet of life. During the first millennium BC the technology
of Qanat was developed in ancient Iran for extracting groundwater in the dry mountain
basins. Human civilisations began close by the rivers, therefor a lot of knowledge was
accumulated since the pre-historic era about fluids.

In 250 BC Archimedes discovered the fundamental principles of hydrostatics and he
formulated the buoyancy forces in his book “On Floating Bodies”.

Of course Sir Isaac Newtown enlightened different branches of hydromechanics by his
studies of viscosity and friction in his book Principia. He was able to express the viscous
forces by differential equation, for what is considered now as a Newtonian fluid1. Daniel

1A simplified defenition is any fluid that has a constant viscosity regardless of stress that’s placed on it.

5

http://en.wikipedia.org/wiki/Rumi
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Bernoulli, the first to use the term “Hydrodynamics”, further developed the theory of fluid
motion (in 1738). Later, during the 19th century, a set of equations were developed by
both Navier and Stokes, that could describe multi-dimensional fluid motion. During 1970,
miniaturizing technology also affected the field of fluid mechanics and the new branch of
microfluidics was born in 1990 [26]. The early applications of microfluidic technologies
have been in analysis of very small reagent volumes, short reaction times and parallel high
sensitivity operations with low cost and short time [27].

Microfluidics deals with the vast application of fluids in life science, chemistry and
material science which processes or controls small amounts of fluid (10−9 to 10−18 liters),
using channels in micrometer domain. As opposed to large scales, when fluids mix almost
naturally due to inertia dominating over viscosity, on smaller scales the physics of fluid
is governed by viscosity, shear forces and surface tension. Therefore, in a micro channel
when two fluids stream parallel to each other flowing in the same channel without any
turbulence, no mixing occurs naturally except diffusion across the interface of two fluids.
In this regime the flows are laminar [28].

2.1.1 Governing equations of microfluidics

If fluids are considered on the length scale of intermolecular2 distances they are quantized.
However, they are assumed to be continuous in lab-on-a-chip applications since the length
scale is in the other of 10 µm. Thus, we consider the continuum hypothesis is valid in such
systems. This leads to definition of fluid particle notion. While in mechanics we define
particles as ideal point particles, in fluid mechanics a fluid particle has a certain size. This
size is defined as a volume in which any measurements on the properties of the fluid particle
corresponds to the molecular properties without any fluctuations in the measurement. The
typical length for a cubic fluid particle is a cube with length of λ ≈ 10 nm containing
roughly 4 × 104 molecules. After defining the concept of a fluid particle, one can write the
equation of motion for such a particle in terms of fields in two ways. First we can describe
as an example the velocity field of the particles in an Eulerian description. This description
can be regarded as observing through a fixed window of spatial coordinates and study the
evolution of the velocity field in time. Therefore, as Figure 2.1.a shows, the time t and
position r, both are independent variables.

Another way of writing the velocity field of a fluid particle is to observe the particle
within the Lagrangian discerption. In this case the position of particle is time dependent as
it can be seen in Figure 2.1.b. Here one can follow the path of an individual fluid particle
in time.

In most of the cases it is more straightforward to use the Eulerian description to mea-
sure for instance the velocity field of fluid. A very common technique to measure fluid
velocity is micro particle-image velocimetry, micro-PIV, which is developed based on Eu-
lerian frame-work [29, 30].

In this case particle position is recorded as a grayscale value in a CCD camera using
transmitted/reflected light microscopy or most often fluorescence microscopy. By sending

2For liquids this distance is of the order of 0.3 nm and for gases is ≈ 3 nm.
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r
υ(r, t-∆t)

x

y

r
υ(r, t)

x

y

r υ(ra(t-∆t), t-∆t)

x

y
υ(rb(t-∆t), t-∆t) υ(rb(t), t)

υ(ra(t), t)r

x

y

(a)

(b)

Figure 2.1: (a) Eulerian description of velocity field υ(r, t) at position r at the times of t −∆t and t.
Here the position r is independent of time t. (b) The velocity fields of υ(ra (t), t) and υ(rb (t), t) of
two fluid particles of a (yellow) and b (purple). Both particles pass through position r at t − ∆t and
t, respectively and the particle position ra,b (t) is time dependent and ra (t − ∆t) = rb (t) = r. This
figure is inspired from Ref [32].

light in suitable time intervals, the particle position will be recorded as photo sequence.
Then the frames are divided into a large number of windows (interrogation windows) and
a displacement vector for each interrogation window can be calculated using the cross-
correlation function. Thus, the velocity can be obtained knowing the time interval between
each frame and and the size of each pixel on CCD camera. An example of this technique
can be seen in Figure 2.2 .

The governing equations in hydrodynamics and subsequently in microfluidics are based
on principal equations expressing the rate of change of the flux densities of mass, momen-
tum and energy.

Here we will not go through the derivation of these equations, therefore the reader is
highly recommended to go through reference [32].

The fluids discussed here are Newtonian fluids, meaning that the viscosity coefficients
are constant (if the temperature is constant), whereas for a non-Newtonian fluid a constant
viscosity can not be defined [33]. Note that viscosity is temperature dependent, conse-
quently one should use the right viscosity coefficient (by that we mean dynamic viscosity
η ). Table 2.1 shows the viscosity of water for different temperatures The first equation
from the set of governing equations is called the continuity equation. It is basically the
conservation of mass in classical mechanics [34]:

∂t ρ + ∇.(ρυ) = 0, (2.1)
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7

Figure 2.2: Experimental micro-PIV measurement of the acoustophoretic velocity field of 1-µm-
diameter polystyrene particles suspended in water. Velocity direction and magnitude are indicated
by arrows and color respectively. The figure is adapted from [31].

where ρ is the fluid mass density and υ is the fluid velocity vector. This equation indicates
that the mass entering the system is equal to the mass going out of the system.

The second equation is conservation of momentum which is based on the Newton’s
second law of motion. This equation states that any change in momentum within the
controlled volume is equal to the sum of all the forces acting on the same volume. This
equation is what is known as Navier-Stokes equation:

ρ
[
∂tυ + (υ.∇)υ

]
= −∇p + η∇2υ + βη∇(∇.υ) + ρg + F, (2.2)

where p is the pressure, η is the fluid dynamic viscosity, ρg is the gravitational body force,
F is any external force and β is the compressional viscosity ratio given by equation 2.3 :

β =
ζ

η
+

1
3
, (2.3)

where ζ is called the second coefficient of viscosity (or bulk viscosity). However for simple
liquids ζ = 0, therefore β = 1/3 [35].

The last governing equation is conservation of energy which is based on the first law of
thermodynamics, the energy inside a region because of work and heat transfer is constant.

ρT[∂t s + (υ.∇s)] = σ′ : ∇υ + ∇.(k∇T ), (2.4)

where s is entropy per unit mass, k is the thermal conductivity of the fluid. Now, one
can simplify these three equations for constant viscosity η, thermal conductivity k and
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neglecting body forces as well as external forces:

∂t ρ = −∇.(ρυ) (2.5a)

ρ
[
∂tυ + (υ.∇)υ

]
= −∇p + η∇2υ + βη∇(∇υ) (2.5b)

ρT[∂t s + (υ.∇s)] = σ′ : ∇υ + k∇2T. (2.5c)

Using the governing equations above, one can describe a compressible and thermoviscous
fluid.

Table 2.1: Viscosity η of water in different temperatures [32].

t[◦C] η [mPa s]
0 1.787

10 1.307
20 1.002
30 0.796
40 0.653
50 0.547
60 0.434
70 0.404
80 0.355

2.1.2 Laminar flow

In 1883 the famous hydrodynamicist Osborne Reynolds characterized turbulence in exper-
iments with fluid flow through a pipe. He discovered that the flow became turbulent if the
pipe diameter, density and viscosity of the fluid increased beyond a certain point and the
ratio of these variables seemed to be definite to him. Today, Reynolds number (Eq.2.6) is
still in use as a dimensionless parameter in order to predict whether a flow is turbulent or
laminar.

Re =
ρLυ
η

. (2.6)

Here ρ and η are respectively the density and viscosity of the fluid, L is a characteristic
length scale of the system and υ is the velocity of the fluid. For Reynolds numbers above
one the inertia still needs to be considered and for Reynolds numbers above 4000 turbu-
lence more likely occurs. In microfluidics the Reynolds numbers are smaller than unity. It
is common to use the hydraulic diameter (DH ) as

DH =
4A

Pwett
, (2.7)

instead of L. Here A is the area of the channel’s cross-section and Pwett is wetted primeter
of the cross-section. Figure 2.3.b shows two laminar flows in different scales



10 CHAPTER 2. THEORY OF ACOUSTOFLUIDICS

a b

Figure 2.3: (a) Macro-scale laminar flow where Ohio River (brown water) is meeting Mississippi
River (green water). (b) Micro-scale laminar flow in a microfluidic chip [36].

2.1.3 Poiseuille flow profile

In a straight microfluidic channel the velocity is almost zero at all the rigid surfaces (walls).
If the flow direction is along the x-axis, then in z-direction the gravitational force is equiv-
alent to the hydro-static pressure. Also if the channel has a uniform cross-section along the
x-axis, then the only force will be from the pressure drop in the same direction. Therefore,
the velocity field υ only has a non-zero x-component υx , which only depends on the trans-
verse coordinates (y, z). The Navier-Stokes equation in this case can be simplified linearly
by defining υ(r ) = υx (z, y)ex . The equation can be written as

∇p = η∇2[υx (z, y)ex ]. (2.8)

Since υx and υz in this case are both zero, one can conclude that ∂yP together with ∂zP
are both zero. Therefor the p(r) = p(x) and the equation can be written as

∂xp(x) = η[∂2
y + ∂2

z ]υx (z, y). (2.9)

Solving this equation for flow between two parallel plates (with high aspect ratio) will give
the flow profile as:

υx (z, y) =
∆p
2
ηL(h − z)z, (2.10)

for h as channel hight and w as channel width which 0 < z < h and − 1/2w < y < 1/2w. One
can find the flow profile in terms of velocity for rectangular channel (with h < w) as:

υx (y, z) =
4h2∆p
π3ηl

∞∑
n,odd

1
n3

[
1 −

cosh(nπ y−w/2

h )
cosh(nπ w

2h )

]
sin(nπ

z
h

). (2.11)
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Figure 2.4: (a) Poiseuille flow profile (distribution of velocity magnitude) which is commonly known
as parabolic flow profile, in the yz-plane, in a rectangular channel h × w = 110 × 330 µm2 [37]. (b)
A 3D sketch of the flow profile along x-axis. Blue color indicates zero velocity (which is close to
boundary and the zero value is due to no-slip boundary condition) and red color indicates maximum
velocity [38].

2.1.4 Stokes drag force

So far we have seen how one can describe the fluid motion using governing equations most
importantly Navier-Stokes equation. It is good to know what forces a particle suspended
in a fluid experiences. A primary force that a particle experiences moving inside the fluid
is due to the viscosity of the fluid. This force is known as Stokes drag force (Fd) and it is
possible to determine this force from Stokes’ equation (when the flow is laminar and for
relatively low Reynolds number) assuming the particle is spherical with radius r:

Fd = 6πηrυ. (2.12)

In the presence of an external force applied on the fluid (acoustic force), the drag force acts
in the opposite direction of the external force.

2.1.5 Diffusion

Diffusion is the motion of a substance due to a concentration gradient. Assume that the
density of the molecules of a solution is a function of position ρ(r). Because of the gra-
dient in the density, the molecules will spread from the region with higher density (high
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υ0 a

η

Fdrag  

υ0
u= 0

Figure 2.5: Fd, the stokes drag force on a spherical particle with radius r . The particle does not
have velocity (u = 0) while the surrounding fluid is flowing with the constant velocity of υ0 with
viscosity of η.

concentration) to the regions with lower density (lower concentration) due to Brownian
motion. This can be described by Fick’s law of diffussion from Eq 2.13

J = −D∇ρ. (2.13)

When J is flux density and D is diffusion coefficient. D can be derived from the Einstein
equation

D =
kBT
6πηr

, (2.14)

where kB is Boltzman’s constant and T is the absolute temperature. As an example, for
small molecules in water at room temperature, D ≈ 10−9ms−1 [39]. A simple case of 1D
diffusion can be calculated as

x2 = 2Dt. (2.15)

Here x is the diffusion length and t is the average time of diffusion [40]. Although cal-
culating the diffusion coefficient is straightforward, for biological samples it gets more
complicated. Table 2.2 shows the diffusion coefficient of some biological samples.

Table 2.2: Estimation of order of magnitude of diffusion coeficients different bio-partiles [41, 42].

Particle Small molecule Protein Virus particle Bacterial cell Animal cell

Diffusion coefficient (µm2/s) 500 50 5 0.5 0.05
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2.2 Acoustics

More pleasant than the sound of
lovers speech, naught I heard,
A great token, that, in this revolving
dome remained!
-Hafez (1325/26–1389/90)

introduction:

در محیط هستت، عالم به جز یک موج نیست!
- فخرالدین عراقی

2.1 Microfluidics 
آب حیات عشق را در رگ ما روانه کن!  

- موالنا جاللدین رومی   

2.2 Acoustics 

از صدای سخن عشق ندیدم خوش تر 
 یادگاری که در این گنبد دوار بماند!  

- حافظ 

3.1 Actuation  
نخستین یکی جنبشی بود، فرد 
بجنبید چندان که جنبش دو کرد 

چو آن هر دو جنبش به یک جا فتاد 
ز هر جنبشی ، جنبشی نو بزاد   

- فرید الدین عطار نیشابوری  
 

3.2  Transducer design: 

4.1 Light intensity method for measuring acoustic energy density [ref to Per and Rune ]

ظلمت ما را فروغ نور وحدت جاذب است
سایه آخر میرود ازخود به طرف آفتاب

-بیدل دهلوی    

4.2 Sample preparation  

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

Hurrian songs is the oldest noted music and dates back to 1400 BC in the Babylonian
age [43]. In ancient China Bianqing - chinese stone chimes instrument - was evidently
played with the knowledge of music in 450 BC [44]. Ancient Peruvians used music for
healing and communication with their ancestors in ritual ceremonies and they believed in
supernatural power of music [45]. The early known attempts at understanding music from
scientific perspective were for example developed by Pythagoras (571 BC- 495 BC) who
studied the harmonies in music. He realised some combinations of musical sounds created
more beautiful and harmonious tones than the rest. He also figured the ratio between the
length of a vibrating string and the tone it produces. Aristotle, after him, in 300 BC, knew
that sound is comprised of expansion and contractions of the air, which is actually close
to an expression for a wave. But the first scientific explanation of sound was announced
(discovered) by both Galilei and Merssene, independently in 16th century. Robert Hook
was, in 1680, the first to observe the phenomenon of acoustic manipulation of particles.
He could see the nodal patterns from flour on a glass plate while he ran a violin bow along
the edge of the plate. Later on, Chladni, who was both a physicist and a musician, could
replicate the same phenomenon trying different resonance modes. The science of particle
manipulation using standing waves was then studied in theory and experiments by brilliant
scientists such as Kundt, Faraday, Lord Rayleigh, King and Gorkov who theoretically cal-
culated the acoustic radiation force on a compressible spherical particle in his paper [46].
Almost in the end of 1900, W. T. Coakley was investigating the ultrasonic standing wave
forces on small particles inside a small volume of fluids [47].

2.2.1 Propagating wave

Waves can have different forms, but they can be categorized based on two different char-
acteristics. First by their ability to propagate through vacuum. Electromagnetic waves are
able to propagate and transfer their energy in a vacuumed-space, while Mechanical waves
require the presence of material medium of viscosity η to propagate and transport their en-
ergy. Second by the propagation direction of a wave relative to the propagation direction of
the particles in the medium. If the movement is perpendicular to the propagation direction
of the wave, we call them Transverse waves. Light, for example are transverse. However, if
the movement is parallel to the propagation direction of the wave, they are called Longitu-
dinal waves. Sound is a longitudinal form of a mechanical wave. A third type of wave-like
motion exist along the surface at the interface of the two media that the wave is propagating
into. In this case the wave propagation follows a circular motion. This type of waves is

http://en.wikipedia.org/wiki/Hafez
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called surface waves. Sound is a pressure field that is propagating through a compressible
medium.We can describe the behaviour of sound in matter mathematically by writing the
wave equation (the derivation of the wave equation is based on the conservation of mass
and momentum):

∂2v

∂2t
= c2∇v, (2.16)

where c is the speed of sound and v is the displacement velocity. The speed of sound
is related to a property of the medium, which is the rate of change of pressure with the
density at normal pressure. Newton first calculated the pressure change with respect to
density at constant temperature. He thought the heat was transferred so quickly from dif-
ferent positions that the temperature could not change. By that assumption he calculated
the isothermal speed of sound which is wrong! Later Laplace gave the correct assumption
by saying that both temperature and pressure change adiabatically in sound waves. Ac-
cordingly the heat transfer from compressed to rarefied region can be small enough to be
neglected if the wavelength is longer than mean free path of the particles. This implies
that small flows of heat will not change the speed of sound despite the small absorption of
energy [48]. Unlike solids, the propagation of sound in fluids is only longitudinal, as fluids
can not resist a shear stress. A propagating wave function that satisfies a one-dimensional
wave equation is

y(x, t) = A sin(ωt ± k x), (2.17)

where A is the displacement amplitude and ω is angular frequency 2π
T , where T is the

period and k is the wave number equal to 2π
λ . As previously stated, sound can be described

as a pressure field. It can be seen as compressions and rarefactions in a fluid medium as

p(x, t) = pa sin(ωt ± k x). (2.18)

2.2.2 Ultrasound standing-waves

A standing wave (also known as stationary wave) is illustrated in Fig2.6.It is the superposi-
tion of two traveling waves with the same amplitude and frequency in opposite directions.
In this case, the onde-dimensional pressure can be described as

p(x, t) = 2pa sin(ωt) cos(k x). (2.19)

It is possible to generate a standing wave by continuously reflecting a traveling wave back.
In this case one needs to use a proper material as a reflector. A reflector is a material with
a high sound reflection coefficient (R). In order to have good sound reflection between two
medium we should consider the acoustic impedance. It is a material property that explains
the acoustic resistance of a material against the propagation of a sound wave (inside the
material) which results into pressure as noted in Eq. 2.18. For a longitudinal wave,such as
sound, it can be expressed as

Z = ρc. (2.20)
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Figure 2.6: Schematic picture of a one-dimensional standing wave inside a resonator cavity.

Now one can calculate the pressure reflection coefficients knowing the impedance of the
materials as [49]:

Rp =
Z2 − Z1

Z2 + Z1
, (2.21)

where Z1 and Z2 are the characteristic acoustic impedances of the first and second medium
respectively. Table 2.3 show the charactersitic acoustic impedance in different materials.
The transmission coefficient of a wave therefore can be written as:

T = 1 − R (2.22)

Table 2.3: Density, speed of sound and characteristic acoustic impedance for some materials [18].

ρ c Z
[kg m −3] [m s−1] [106 kg m−2s]

Silicon 2331 8490 19.79
Pyrex 2230 5647 12.59
Steel-stainless 347 glass 7890 5790 45.68
Aluminium 2700 6420 17.33
Titanium 4506 6070 27.35
Polymethyl methacrylate (PMMA) 1150 2590 2.98
Polycarbonate (PC) 1200 2160 2.59
Polystyrene (PS) 1050 1700 1.79
Polydimethylsiloxane (PDMS) 965 1076(10 : 1) 1.04

1119(5 : 1) 1.08
H2O(25◦C) 997 1497 1.49
PZT transducer 7700 4000 30.8
Air 1 343 0.00034
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2.2.3 Resonances

Acoustic resonance is the amplification potential of a system for certain frequencies that
are matched with its own natural frequency. The natural frequency of an object depends on
its shape and the material. Mathematically resonance occurs when an oscillating system
gets to its eigenmodes. Thus, the energy of that system is maximized. For a pressure
wave applied to a certain geometry, the wave equation will have eigenmodes with certain
eigenvalues, depending on the frequency of the wave. Usually most objects can be resonant
with the frequency not only matching their natural frequency but also harmonics of that
frequency. Figure 2.7 is an artistic illustration of harmonics of a wave by the famous
cymatics3 artist György Kepes who founded the center for advanced visual studies at MIT.

Figure 2.7: "Frequency Modulation Series", a complex wave rich in harmonics is varied in frequency
at several rates. Courtesy of R.K. Potter, Bell Telephone Laboratories, Inc. Kepes, György. Figure
194, adapted from the Ref [50].

3Means wave in Greek and it refers to visualization of sound waves or waves in general
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2.2.4 Acoustic radiation force on a microparticles

Gorkov published a paper in 1962 in which he summarized the theoretical works done by
King in 1934 and Yosioka [51]. King formulated an equation of force for incompressible
particles in inviscid4 fluid and Yosioka developed an equation for compressible particle.
Based on these works Gorkov derived the radiation force acting on compressible spherical
particle suspended in a inviscid fluid [46].

An important assumption here is that the particle size is much smaller than the wave-
length of standing wave. The theory is valid when the Stokes’s boundary layer around the
particle satisfies

δ0 = (
2η0

ω
)1/2 � a, (2.23)

where a is the particle radius, η0 is the dynamic viscosity of the fluid medium and ω
is the angular frequency of the wave. If δ0 is comparable to the particle size, then the
viscosity will play an important role, thus the radiation force will not obey the rules of
inviscid fluid anymore. Basically the acoustic force is caused by differences in acoustic
properties between fluid and suspended particles. A suspended particle inside a fluid will
scatter an incident wave which causes interference in the local pressure field surround-
ing the particle. Meanwhile, the pressure wave deformation of the compressible particle
induces oscillations that interfere with the local velocity field. This force is known as
acoustic primary radiation force (PRF).

Since the acoustic radiation force arises when there are particles suspended in a medium,
one can define ratios between physical properties of particle (p) and the fluid medium (0)
as

ρ̃ =
ρp

ρ0
, c̃ =

cp
c0
, k̃ =

kp

k0
, (2.24)

where ρ is density and k is compressibility (in liquids k = 1
c2ρ

). For the simplicity one can
define coefficients f1 and f2 as:

f1 = 1 − κ̃, f2 =
2( ρ̃ − 1)
2 ρ̃ + 1

. (2.25)

Note that f1 and f2 represent the contribution from the pressure field and velocity field
respectively. By defining these coefficients, the equation for radiation force can be written
as:

Frad = −
4πa3

3

[
f1

k0

2
∇〈p2〉 − f2

3ρ0

4
∇〈v2〉

]
. (2.26)

One can combine f1 and f2 in a single parameter called the acoustic contrast factor (ACF)
φ given as:

φ =
f1

3
+

f2

2
=

1 − k̃
3

+
ρ̃ − 1

2 ρ̃ + 1
. (2.27)

4Fluid with no viscosity
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φ can be positive or negative. A negative sign means particles will move to pressure antin-
odes while a positive sign means that particles will move to pressure nodes. The abso-
lute value of φ also has a relative effect on the magnitude of PRF. In 2012 Settnes and
Bruus used the same approach as Gorkov, calculating a force on a particle inside a viscous
fluid [52]. Sometimes the effect of different components of the primery radiation force are
investigated separately [53, 54].

The transverse component of the PRF assists the particle aggregation in the local en-
ergy density maximas [55]. The existence of these local maxima might be due to the non-
uniformity of the amplitude of the source [56]. In addition to PRF there is also another
force that can affect particles inside a microfluidic system. Unlike the primary radiation
force, this force is the effect of a wave scattered from neighboring particles. This is called
secondary radiation force (SRF) or Bjerknes or Köing force [57, 58] and can be regarded
as a particle-particle interaction inside the system rather than a direct wave-particle inter-
action. For a system of two identical particles assuming their size is much smaller than the
wavelength, this force is

FB(x) = 4πa6
[ (ρp − ρ0)2(3 cos2 θ − 1)

6ρ0d4 v2(x) −
ω2ρ0

9d2 (
1

ρpc2
p

−
1
ρ0c2

0

)2p2(x)
]
. (2.28)

A positive sign of the force is indication of repulsive force and a negative sign means they
attract each other [59].

2.2.5 Acoustic energy density

Acoustic energy density is a very important parameter since it scales with the acoustic
radiation force. The energy transported by an acoustic wave can be written as the time
average sum of the kenetic energy of the fluid partices and the potential energy of the fluid
in copression mode. A one-dimentional acoustic energy density for a transverse mode
wave can be written as:

Eac =
p2
a

4ρ0c2
0

. (2.29)

2.2.6 Acoustic streaming

In general, acoustic streaming is a generation of flow caused by acoustic waves. This
kind of streaming was first studied by Lord Rayleigh in 1884 [60]. He could explain the
circulation flows observed in vibrating Chladni’s plate and air current circulation inside the
Kundt’s tube, reported by Faraday and Dvorak [61–63], theoretically. The theory is known
as Rayleigh streaming. A steady acoustic streaming is caused by viscous attenuation of
acoustic waves. For an ideal inviscid fluid, the time-averaged particle displacement or
the net flow due to sound propagation is zero. What Rayleigh investigated as streaming
phenomena is actually caused by presence of a standing wave between two parallel plates.
As a result, rotating vortices (with the scale of λ

4 ) [64, 65] appear in the fluid. This can be
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used as a tool for mixing in microfludic chips. Rayleigh streaming (Figure 2.8 a) occurs
out of the viscous boundary layer mentioned in Eq.2.23 while Schlichting streaming occurs
inside the viscous boundary layer near a surface and drives vortices much smaller than λ
. This type of streaming does not have a significant effect for particle handling using
USW [66].

Eckart streaming or Quartz wind is due to dissipation of high acoustic energy inside
the fluid (Figure 2.8 b). This type of acoustic streaming was theoretically explained by
Eckart [67]. Another common type of acoustic streaming is due to cavitation. It is induced
by micro bubble interaction with sound waves. High amplitude of bubble scattered acoustic
field generates cavitation microstreaming flows [68, 69]. Therefore, this type of streaming
is called cavitation microstreaming.
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Figure 2.8: (a) A Rayleigh-type streaming with vortices of λ/4-scale and (b) Eckart streaming.





Chapter 3

Physics and instrumentation of
acoustofluidics

After describing briefly the theory of acoustofluidics in the previous chapter, within this
chapter, we will discuss experimental designs and different ways of operating acoustoflu-
idic devices used in the papers included in this thesis.

3.1 Actuation

There was first a solo vibration,
Quivering with so much excitement
that initiated another vibration,
Wherever the two came together,
A new vibration was born from
every bit of their excitement.
Attar of Nishapur (1145-1221)
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از صدای سخن عشق ندیدم خوش تر، یادگاری که در این گنبد دوار بماند!  
- حافظ 
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نخستین یکی جنبشی بود، فرد 
بجنبید چندان که جنبش دو کرد 

چو آن هر دو جنبش به یک جا فتاد 
ز هر جنبشی ، جنبشی نو بزاد   

- فرید الدین عطار نیشابوری  
 

3.2  Transducer design: 

4.1 Light intensity method for measuring acoustic energy density [ref to Per and Rune ]

ظلمت ما را فروغ نور وحدت جاذب است
سایه آخر میرود ازخود به طرف آفتاب

-بیدل دهلوی    

4.2 Sample preparation  

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

To create a standing wave in a microchannel, a source of vibration is needed in order
to actuate the system. In an acoustoflidic experimental setup, this is typically done by us-
ing a piezoelectric material (mostly in form of crystal). This type of materials converts a
mechanical stress to electrical voltage and vice-versa. Therefore, by connecting such a ma-
terial to an alternative voltage, it can periodically translate the change in electric voltage to
physical expansion and contraction. In this case, piezoelectric crystals can be used as actu-
ators (using the reverse mechanism they are suitable to be used as sensors) . Piezoelectric
materials can be found in nature. For example dry bone exhibits some piezoelectricre-
sponse, as well as tourmaline Rochelle salt and quartz. Artificial piezoelectric materials
are also available such as lead zirconate titanate known as PZT which is vastly in use. In
the fabrication process of PZT , the crystal is heated up to the curie-temperature level for
the dipolar molecules to align while an external electric field is applied. Then the crystal
is cooled down when the electrical field is still present during cooling process to prevent

21
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the dipolar molecules from random re-alignment. This will result in a high piezoelectric
constant along the polarization axis. [70].

In this thesis we used PZT (Pz26) for fabrication of bulk-wave transducers meaning
that they were externally bounded (typically using adhesive glue) to acoustofluidc chip.
There are other type of transducers that can be integrated to the chip. These types are
mostly used for generating surface acoustic waves SAW [71].

A PZT material has a fundamental resonance frequency (can be different in thickness
and radial mode) for which most of the electrical input power will be translated to mechan-
ical oscillation. By connecting a PZT electric transducer to a signal generator, and sending
AC voltage in MHz regime, one can generate ultrasound waves- in this case with mm-
wave-length- in a fluid medium such as water. The wave-length of ultrasound is directly
related to the speed of sound in the media and inversely to the actuation frequency:

λ =
c
f
. (3.1)

More about the theory of piezoelectric materials used in acoustofludic particle manipu-
lation technology can be found both in acoustofluidics 4 (written by Dual and Möller) [70]
and the article by Friend and Yeo [23].

3.1.1 Resonant actuator

In order to maximize the amount of acoustic energy transferred to the microfluidic chan-
nel, we need to achieve a resonance in the acoustofluidic system. A three dimensional
resonance mode (by solving the Helmholtz wave equation) can be expressed as:

fnx,ny,nz =
c0

2

√
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x

l2 +
n2
y
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z

h2 , with nx ,ny ,nz = 0,1,2,3, ... (3.2)

Where nx ,ny ,nz are the number of half wave-lengths along x,y and z respectively.Thus
the correlated eigenfunction p becomes:
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here pa is the pressure amplitude and ki = niπ/Li is the wavenumber in each of the three
coordinates (i = (x, y, z),Li = (l,w,h)). If purely 1D manipulation is preferred, one needs
to choose the three dimensions carefully so that the system is resonant only in one direc-
tion [72].

One of the most straightforward approaches to establish one- dimensional (1D) resonance
(to a good approximation) is to build a half wave-length resonator. Figure 3.1 shows a
side view of a typical chip consisting a straight channel. To achieve half-wave resonance
mode across the width of such a channel (where w = λ/2), we need to provide a resonance
frequency f and acoustic pressure amplitude p as [72]:

f = c0/2w and p = pacos(ky y). (3.4)
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Here ky = 2π/λ is the 1D wavenumber (where λ is the wave-length in the fluid). This type
of resonator is called transversal resonator since the pressure nodal-plane will be along the
xz plane. If the channel width corresponds to an integer number of half a wave-length,
then multiple nodal plane will form along xz plane. An important advantage of transversal
resonator is that the manipulation occurs in the plane of the chip which allows the visual
observation of focusing particles. The benefit is the ease of integrating such a device with
other microfluidic chips with different modules [73].

Here PZT crystal, which is the source of actuation, is bounded to the top glass layer
using an adhesive glue. The top glass layer is designed as a matching layer and the bot-
tom glass layer acts as a reflector. The fluidic channel is etched (using dry-etching tech-
nique) through a silicon layer. A glass-silicon-glass stack with respective layer thickness
of 0.20/0.11/1.00 mm, was used in the papers.

glass

glass

silicon

ultrasound ONultrasound OFFPZT PZT

w

x

z

y

Figure 3.1: The side view of a half a wave-length resonator a) when the ultrasound is off the particles
are randomly distributed in the microchannel. Due to the mono-crystalline structure of silicon, etch-
ing precisely creates straight vertical channel walls which are necessary to create a standing wave.
(b) The PZT transducer is turned on and it vibrates with high frequency f . By matching w (channel
width) with half a wave-length of the standing wave, the pressure node forms in the middle of the
channel and the particles are focused in the nodal plane.

It should be noted that the setup shown in Fig 3.1 acts similar to a layered resonator [74]
in the z-direction, if λ = h

2 . In an article by Hawkes et al., different thicknesses for a
layered resonator system was simulated and they concluded for an efficient system the
thickness of different layer should follow these criteria [75]:

1. A matching layer of an odd multiple of a quarter of wave-length: (2n + 1)λ/4

2. A fluid layer of half a wave-length: nλ/2

3. A reflector layer of a quarter wave-length: (2n + 1)λ/4

In addition, the choice of materials is an important factor in designing a good resonator,
for example materials that transmit acoustic wave with low losses such as glass are pref-
ered. One should not forget about the acoustic reflection coefficient as discussed before in
Eq. 2.21.
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The high reflection coefficient at the boundary between silicon and water as well as low
acoustic losses result into less temperature increase, when working with high input power.
Therefore, silicon is a good choice of material for fabricating the channel walls.

Upon these criteria, we have designed all the chips used in this thesis. In addition since
we want to use hight resolution optical microscopy, the thickness of the bottom glass is
chosen to be 220 µm which is comparable to thickness of a glass-slide used in microscopy.

Single-frequency vs frequency modulation actuation

As we discussed above, the standard actuation method for an acoustofluidic device is to
operate the ultrasound at a single frequency (SF) creating a half-wave resonance across the
channel width or height. One can as well achieve a 2D manipulation using single frequency
for example if the channel is chosen to be a square or height and width are chosen to be
integer multiples of each other. This, however, restricts the possibility of switching the
number of nodes only in one direction since the dimensions are coupled [76, 77].

Yet, the main generic problem with SF actuation is the formation of unwanted reso-
nance modes along the channel length. Such spurious-mode three- dimensional resonances
are difficult to avoid and cause curved and/or fragmented patterns of the focused particles.
This effect often reduces the efficiency of the intended acoustophoretic function, especially
in low-flow-rate operations (µl min−1) [78].

Previously in our group Manneberg et al. reported a method for canceling out the spa-
tial variations in acoustophoresis along a microchannel using frequency-modulated (FM)
ultrasonic actuation [79].

This method is based on kHz-rate linear frequency sweeps for averaging a set of sev-
eral single frequency resonances. Although proven useful in cell applications [80], it has
never been analyzed and quantified in terms of acoustic field strength or improvement in
field uniformity. In paper II, we quantified the acoustic energy density (Eac) along a mi-
crochannel during acoustophoretic focusing of particles by measuring the magnitude and
spatial variance of Eac using frequency-modulated (FM) ultrasound and single frequency
(SF) actuation. Figure 3.2 shows a comparison of the shape and speed of acoustophoret-
ically focused particles in the two different actuation modes SF and FM. Despite the fact
that it seems the particles start to focus faster in SF actuation, it is clear that the focusing is
not a homogeneous both temporally and spatially. The particles on the right side of dashed
red-line are focused faster while the event occurs slower for the particles on the left side.
On the other hand, while the focusing event using FM might seem slower during the first
seconds of focusing, particles more or less focus with the same speed along x-direction
(channel length) . One also could regard to the spatial uniformity of the focused particles.
As it can be seen in Fig. 3.2 the particle pattern is more uniform and straight using FM
comparing with SF. This is analyzed and discussed in paper II in terms of variance (∆2) of
focusing pattern with respect to the predicted 1D nodal pattern. An example is shown in
Fig. 3.3.

The whole purpose of designing an acoustofluidic chip as a resonator is to get the max-
imum acoustic energy density into the microfluidic channel. Using a modulated frequency
brings up the question of how this method affects the Eac inside the microfluidic chan-
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t=0 s
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Figure 3.2: Dynamics of the acoustophoresis patterns during the first 8 s when actuating the device
at single frequency of 2 MHz (SF, left panel) and frequency modulation with bandwidth of 100 kHz
(FM, right panel) at Upp = 20V .

∆2 µm2=10.28 =4.72∆2 µm2

SF FM
y

x

Figure 3.3: Analysis of the variance, ∆2, in the final pattern shape. The dotted red lines mark the
standard deviation (±∆) of the pattern from an ideal straight line along x-direction around its mean
position yc (solid red lines).

nel. This was one of the motives for our study in paper II. As a result, it can be seen
in Fig 3.4 that the FM actuation method produces almost equally high but more uniform
distribution of energy density along the channel length than SF (at resonance) actuation
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in microchannel acoustophoresis. This result was re-confirmed in paper V using high-
pressure amplitude USW when comparing the energy densities in two modes of FM and
SF.
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Figure 3.4: The spatial distribution in energy density along the channel for (a) single frequency (SF)
and (b) frequency-modulation (FM) actuation. The averaged energy density for the whole channel,
Eac,avg is marked with a dotted black line, and the corresponding standard deviation is marked with a
grey band. The red error bars are the standard deviations from the four repetitions of each experiment.

3.1.2 Non-resonant actuation: “Sonication”

We saw earlier that an ultrasonic actuator can be coupled to a microfluidic chip so that the
wave-length of the actuator is matched with the dimensions of the chip in order to enable
manipulation of suspended particles in the fluid. However, an ultrasonic actuator can be
used in with non-resonant devices for various purposes other than particle manipulation. A
general purpose here is to transfer the acoustic energy to the sample in order to facilitate a
chemical/physical reaction or to agitate the sample for example for cell lysis1 [81–83]. In
this case the energy can be either transferred directly to the sample or indirectly through an
intermediate medium which is the sample container. Common ultrasonic devices designed
based on these principles are ultrasonic baths and ultrasonic probes used as homogenizers
or for liquid processing.

High power ultrasound in the kHz regime

In Fig 1.1 it can be seen that ultrasound waves have a broad range of frequencies. However,
it is common to divide ultrasound waves into two distinct regimes: power ultrasound,
from 20 KHz up to 100 kHz which are typically used to affect the chemical reactivity in
different liqiuids and diagnostic ultrasound (2 MHz-10 MHz) with applications in both
medicine, particle manipulation and materials processing [84]. In kHz regime, there is a
high probability for cavitation effects in a fluid sample. Acoustic cavitation is known as the

1To rupture the membrane of a cell.
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activities of air or gas bubbles and cavities due to the excitations of acoustic waves [85].
In this case either the bubbles harmonically oscillate (classified as stable cavotation) and
generate localized acoustic microstreaming or they collapse and burst violently (reffered
as transient or inertial cavitation). In the first case the cavitation effects on biological
sample is usually small or modarate but considering the second case the chance of agitating
the sample is high. In paper IV, we have designed a high power transducer based on a
conventional design of industrial sonotrodes, operating within this frequency regime for
the purpose of laminar-flow mixing and cell lysis in micro-scale chambers.

3.2 Transducer design

The most common way of ultrasonically actuating a microfluidic chip is to use a single
PZT element (most often in thickness mode2). However, the way of placing , coupling and
actuating could be different. The PZT element can be either glued temporarily on top of
the chip [86, 87] or it can be immobilized and integrated into the chip [88]. Additionally,
one can use multiple PZTs as a transducer array [89] or the elements can be splitted into
subparts using strip electrodes [90]. Previously in our group Manneberg et al. used a
PZT element permanently glued onto a coupling wedge with fixed angle [91]. It should
be mentioned that it is also possible to use an interdigited transducer to generate surface
acoustic waves [92] as well as a shear-mode piezo element [93]. In the coming sections
we will look into the type of transducers used in our group from design and function
perspective, and specifically the type of transducers that was used in the papers will be
described in section 3.2.2 , 3.2.3 and 3.2.4 .

Figure 3.5: An example of an array transducer device used for used for trapping micro-bead clusters
for bioassay application. This figure is adapted from Ref [94].

3.2.1 Wedge transducer

A wedge transducer consists of a PZT element, glued permanently to an aluminum wedge
using silver glue. The aluminum wedge in this case acts like a mass-load on the PZT
element, thus shifts the resonance frequency of it in addition to broadening the resonance-
frequency spectrum. Using a water soluble glue, the transducers are easily glued to the
chip. In the study by Manneberg et al. [91], on the design of a wedge transducer, it was

2Thickness modes means that the resonance frequency of the transducer is determined by the thickness of
the PZT.
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concluded that 30◦ wedge transducer was an optimal choice for focusing manipulation
function. However, the effect of different sizes, positions and geometries of the wedges
on the observed resonances could not be resolved and decoupled from the influence of the
coupling angle. To eliminate these effects a new transducer design was studied in paper II
that will discusse in the next section.

Figure 3.6: Photo of five different wedge transducers mounted on a glass-silicon-glass chip. Adapted
from Ref [91].

3.2.2 Tunable-angle transducer

A tunable angle (TA) wedge transducer (see Fig 3.7) is made of an aluminum wedge that
is connected by two springs to a quarter-cylindrical aluminum base plate. Immersion oil
is needed in between the plates to facilitate the movement of the upper part on the base
plate also for better acoustic coupling. The angle θ of the TA transducer can be tuned
continuously between 0 ◦ and 90 ◦. This type of transducer was used in paper II in which
the design details can be found. Using the TA transducer, we were able to study the de-
pendence of acoustic energy density and the variance of the ideal straight focusing pattern
on the coupling angle using light intensity method described in paper I. In addition, the
acoustic energy density dependence on the transducer geometry was investigated. In order
to decouple the effect of geometry, a planar (P) transducer was used while the TA trans-
ducer was turned off. The angle of the TA in the passive mode (meaning when it was
not turned on electronically) was changed from 0 ◦ to 90 ◦ (in steps of 15 ◦) while the P
transducer was operating. Therefore we were able to measure dependence of the acoustic
energy density Eac on the change in geometry while the coupling angle was constant at 0 ◦

for the fixed planar transducer. In the study performed in paper II we could conclude that
the most straight pattern can be achieved with θ ≥ 75 ◦ meaning that the coupling direction
is close to parallel with the direction of radiation force inside the microfluidic channel.
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Figure 3.7: Schematic cross-section view of the tunable angle transducer attached on chip (not to
scale). The chip is actuated by either a planar (P) transducer or tunable-angle (TA) transducer. The
angle θ of the TA transducer can be changed between 0 ◦ and 90 ◦. The acoustophoretic motion of
5-µm particles was recorded by the CCD camera attached to an inverted microscope, using a green
filter.

Figure 3.7 shows the results, in terms of Eac variations for different angles of the TA
transducer along the chip, as well as the variance of the nodal pattern from the ideal 1D
straight line of focused particles, in two different modes of actuation: SF and FM. Based on
the results presented in paper II, we concluded that in general running the TA transducer
at single frequency can be useful for system optimization, which is necessary for more
complex and advanced acoustofluidic systems.

Figure 7: A 7×7 pixel color plot of the absolute 
energy density, Eac as a function of the coupling 
angle ( ) and the position along the channel (x) 
when driving the chip with the TA transducer at SF 
actuation (a) and at FM actuation (b). The dia-
grams are based on 7 different wedge angles, 7 
different channel positions (segments of length 90 

experiment in total. The overall variance (varying 
both  and x) is three times higher for SF actuation 
than for FM actuation.
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Figure 3.8: (Left) values for Eac is plotted when using a TA transducer with respect to both the
coupling angle (θ) and the position along the channel (x-axis) when actuating the chip using SF (a)
and FM. Here the measurement is done for 7 different angles starting from 0 ◦ to 90◦, in steps of
15 ◦. Also 7 different channel positions (each of a length of 90 µm. (Right) the variance ∆2 from a
perfect straight line of focused particles (an example can be seen in Figure 3.3) plotted with respect
to the actuation angle (TA) and geometry (P) both in the two modes of SF and FM.
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3.2.3 Broadband transducer

A broadband transducer by definition is a transducer which has a broader bandwidth of
resonance frequencies. In order to broaden the resonance bandwidth of a piezoelectric
ceramic element, one can think of using a backing layer -typically a layer of epoxy- as a
load of extra mass (see Fig 3.9 ). This will result in a decrease of the Q-factor3 This type
of transducers are mostly used in medical imaging devices using ultrasound for short pulse
production. In particle manipulation since the continuous vibration mode is used with high
Q-factor, broadband transducers are not very common to use. In contrary, transducers used
in particle manipulation technology, usually have low energy losses, at the same time a very
narrow bandwidth of frequencies. In some cases a narrow bandwidth can be an issue. For
example if the microfluidic chip has slightly different resonance frequency than the PZT or
when using multi-function acoustofluidic devices [95]. Thus, the frequency mismatch can
have a negative effect on the over all performance of the acoustofluidic device. This is one
of the motives for using broadband transducers in paper III.

In paper III we used a chip with different channel dimensions each of which had a
different function (pre-alignment and focusing). In this case broadband transducers were
used in order to add the possibility of tunning the frequency yet having a resonance effect
in the channel. For example as it can be seen in Figure 3.10, by turning the frequency
corresponding to a pre-alignment channel, we could prevent the leakage of resonance in
the focusing part of the channel.

Ep
ox

y 
Epoxy 

Figure 3.9: Schematic picture of two broadband transducer with epoxy- glue-based backing layers
on a glass-silicon-glass chip.

3Q-factor= Resonance frequency
Frequency bandwidth . It is a unitless measure of the quality of a transducer.
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a

b

Figure 3.10: The acoustoforetically focused 5-µm particles inside the chip (used in paper III) with
two different channel widths. The narrow (330 µm) channel is a pre-alignment section where particles
were focused in two nodes, while in the wider channel (500 µm) they were focused in the middle of
the channel. In this stop-flow experiment the resonance pattern was investigated after 30 sec. (a) at
4.5 MHz and b) at 4.45 MHz while a second 1.39 MHz transducer was operating above the wider
channel in both cases. By fine-tuning the frequency of pre-alignment part we could avoid a resonance
leakage seen in the yellow, comparing part (a) and (b).

3.2.4 Horn transducer

A horn transducer, traditionally known as sonotrode, is typically a metal horn-type wedge
used as a wave guide to amplify the vibration displacement at low frequency ultrasound
20 kHz - 100 kHz. The low vibration amplitude of transducers working in this regime
makes the horn a necessary component in the design of sonotrodes used in high-power
ultrasound applications [96]. Transducers of this type have broad applications specially
in industry such as welding or cutting. In addition they are used in clinical application
for homogenization, spraying or cell disruption [97]. In paper IV, a Langevin transducer
was used together with an exponential horn for microfluidic mixing and cell lysis. It was
designed and modeled by Simon Ye in our group [98]. Fig 3.11 shows a half cross-section
view of the transducer and the material used to build the device can be found in Table 3.1.
The device is designed such that the total length (in z-direction in Fig.3.11) is exactly λ/2
or the integer multiples of λ/2. This results in maximum vibration amplitudes in two ends
(top and tip) of the transducer. When the transducer is actuated, high-velocity acoustic
streaming is generated in the chamber upon contact with the horn. The system can be used
for various micro-vortexing applications as described in paper IV. .
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(a) Half cross-section (symmetric around x-

Figure 3.11: Right : half cross-sectional view of the horn transducer, which is symmetric with
respect to the x- axis. Left: a 3D schematic sketch of the sonotrode, adapted from Ref [98]

Table 3.1: Materials used for building and modeling of the horn transducer. Each domanin can be
seen in Fig 3.11.

Domain Transducer part Property Material
1 Reflector Linear Elastic Material Steel AISI 4340
2 Lower piezo ring Piezoelectric Material Pz26
3 Upper piezo ring Piezoelectric Material Pz26
4 Bolt Linear Elastic Material Steel AISI 4340
5 Exponential horn with flage Linear Elastic Material Aluminium 6063-T83



Chapter 4

Applications of acoustofluidics

In the previous chapter we discussed about the design and instrumentation of acoustofluidic
system used in this thesis. This chapter presents three different applications of acoustoflu-
idics studied in this thesis. In section 4.1 we will go through a method by which we can
measure the acoustic energy density inside the acoustofluidic chip. This study was done
in collaboration with technical university of Denmark (DTU). The mathematical modeling
was done by Rune Barnkob (DTU) and the experimental design and procedure was per-
formed by the author. The content of section 4.1 is based on paper I. In section 4.2 we will
see how the system can be used for performing different steps in sample preparation based
on the work that is done in paper III, IV and V.

4.1 Light intensity method

The darkness will fall under the
light of unity.
Bidel Dehlavi(1642-1720)

introduction:

در محیط هستیت، عالم به جز یک موج نیست!
- فخرالدین عراقی

2.1 Microfluidics 
آب حیات عشق را در رگ ما روانه کن!  

- موالنا جاللدین رومی   

2.2 Acoustics 

از صدای سخن عشق ندیدم خوش تر، یادگاری که در این گنبد دوار بماند!  
- حافظ 

3.1 Actuation  
نخستین یکی جنبشی بود، فرد 
بجنبید چندان که جنبش دو کرد 

چو آن هر دو جنبش به یک جا فتاد 
ز هر جنبشی ، جنبشی نو بزاد   

- فرید الدین عطار نیشابوری  
 

3.2  Transducer design: 

4.1 Light intensity method for measuring acoustic energy density [ref to Per and Rune ]

ظلمت ما را فروغ نور وحدت جاذب است
سایه آخر میرود ازخود به طرف آفتاب

-بیدل دهلوی    

4.2 Sample preparation  

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

Acoustic energy density Eac is an important parameter to evaluate the performance of
acoustofluidic device. By knowing Eac on can directly calculate the acoustic radiation force
and pressure acting on the particles or cells suspended in the fluid inside the microfluidic
channel. To measure this parameter, however,a simple method with enough accuracy was
not available. The motive behind the method presented in paper I is to provid an in situ
measurement of Eac. The light-intensity method is simple, rapid and inexpensive. The
measured light intensity is coming from transillumination light microscopy operated at a
moderate resolution.

As it can be seen in Fig 4.1, we study the particle motion when they undergo acoutophre-
sis in a transparent glass-silicon-glass chip using the inverted light microscopy. The parti-

33

http://en.wikipedia.org/wiki/Abdul-Q%C4%81dir_B%C4%ABdel


34 CHAPTER 4. APPLICATIONS OF ACOUSTOFLUIDICS



light
intensity

time

acoustic
energy
density

Figure 4.1: Schematic photo of the chip with an illustration of the method. The diagram shows how
the background light intensity changes in time while the 5 µm particles undergo acoustophoresis.

cles are illuminated from the light source which is located above the channel, the transmit-
ted light then is recorded by a CCD camera which is mounted on a microscope with rea-
sonable resolution. The microscope objective has a low-numerical aperturee (NA= 0.25
with depth of focus ≈ 10 µm). Each particle occupies 10 pixels on the CCD with a shade
like gray/black spots. Note that φ (acoustic contrast factor from Eq. 2.27) is positive in
this case. Considering that our system is a half wave-length resonator, the particles accu-
mulate at the center to the channel when the system actuates. Figure 4.2 (a) shows when
the particles are pushed down to the center of the channel and in Fig 4.2 (b) they ideally
end up in the area covered with magenta color in the center of the channel.

We analyze the particle motion occuring in the area outside magenta region, since the
particles accumulate inside magenta region and the local concentration arises by the time
they focus. It should be mentioned in the case of perfect 1D straight focusing pattern,
this region will have a narrow width therefore from the Fig. 4.2 the α parameter should
be small enough. In paper I, the value considered for α was equal to 0.8. Since the
objective’s depth of focus is much smaller than the channel hight (110 µm), all particles
that are out of focus are imaged as shady pixels with uniform but low resolution (see Fig
4.3). Therefore in α region by summing up the total pixel values (ranging from 0 for black
and 255 for white), we obtain the total pixel intensity in the interrogation area (two green
areas out side the focusing region in Fig 4.2. If there is no particle in that region, the area is
totally green (from the green filter that the light passes through) and the pixel value is then
Imax
α , while at time zero there are N0 (initial number of particles) assuming that particles

have homogeneous distribution in the field of view. The existence of the particles in the
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Figure 4.2: Bottom-view of the straight acoustophoresis microchannel (light blue walls) of width
w and length l. The microchannel containing a suspension of 5-µm-diameter polyamide microbeads
(black/gray dots) is illuminated from top resulting in a green background in the image. The par-
ticle motion is only recorded outside a band of relative width 1 − α (magenta) along the channel
center y = w

2 , as the particle concentration outside this band remains suciently low throughout the
entire acoustophoretic focusing process. (a) At time t = 0 the microbeads are homogeneously dis-
tributed throughout the channel and the light intensity of the image is Iα (0). (b) The microchannel is
acoustically actuated in its transverse half-wave resonance (yellow) and the acoustic radiation force
(yellow arrows) pushes the suspended particles to the acoustic pressure node at the vertical center
plane at y = w

2 . As the particles gradually leave the interrogation area (green) and enter the excluded
band along the center plane, the light intensity of the image increases monotonically, Iα (t) > Iα (0).
Adapted from paper I.

interrogation decreases the light-intensity. By this we can define a reduction factor called
R with the value from null to unity. Then we can write a function for the initial light
intensity in the channel as Iα (0) = (1 − R)Imax

α . When transducer starts actuation and the
particles start to focus in magenta area (what you see in Fig 4.2 .b) then gradually all the
particles will leave the interrogation area and enter magenta area, therefore the number of
particles located in the interrogation area Nα (t) gradually drops by unity while Iα increases
relatively. This can be described as:

Iα (t) =
[
1 − R

Nα (t)
N0

]
Imax
α (4.1)

After taking some mathematical steps (one can look up paper I), the normalized light in-
tensity can be expressed as:

〈Iα (t)〉

Imax
α = 1 − 2R

απ arctan
[

tan( π2 α)e − t/t ∗
]
(4.2)

Following 4.2, Iα (0) ≈ 〈Iα (0)〉 = (1− R)Imax
α and I (∞) ≈ 〈Iα (∞)〉 = Imax

α . Then one can
write the reduction R estimated from the intensity measures as:

R ≈ 1 −
Iα (0)
I (∞)

(4.3)

By knowing R, t∗ which is the characteristic time, can be found as a fitting parameter from
4.2 to fit the measured values Iα (t)/I (∞) versus time. Finally the acoustic energy density
(Eac) can be extracted from Eq. 2.29, by knowing the material parameters such as contrast
factor of the particles, viscosity of the fluid and other parameters.
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(a) (b)

Figure 4.3: (a) Gray-scaled experimental image where the microbeads have transversed
acoustophoretically half the way towards the center of the microchannel. Inside the black rectan-
gle all isolated particles are identified and their pixel intensities are analyzed within a 5 pixel × 5
pixel square. (b) 5 pixel × 5 pixel square views of 14 of the 41 isolated microbeads in the black
rectangle marked in panel (a). Adapted from paper I.

At this point we have seen that by measuring the total pixel intensity as a function of
time and fitting the mentioned model to the data points, the energy density can be used as
a fitting parameter. Now, in practice once can simply measure Eac in situ just by recording
a video of particles undergoing acoustophoresis, with the following algorithm:

1. Convert the CCD movies to image frames.

2. Measure the total pixel intensity Iα (t) of each image frame by summing the individ-
ual pixel intensities inside the interrogation area of relative width α.

3. Determine the maximum intensity Imax
α = I (∞) from the last image in the time

series.

4. Calculate the normalized intensity Iα (t)/I (∞).

5. Determine the initial relative intensity reduction R from Eq. 4.3.

6. Fit Eq. 4.2 to the data I (t)/Imax
α using Eac as fitting parameter.

It is recommended that α be chosen as large as possible yet without resulting in too many
particles remaining in the interrogation area of the last image frame. In addition, the
acoustophortic motion should be long enough in time to reach near static bead distribu-
tion. Also to get enough data points one needs to reasonably adjust the frame rate of the
camera. Finally, for the sake of accuracy different, repetition of the experiment is recom-
mended to be performed. With that being done, one can measure the standard deviation of
measured Eac.

In paper I this algorithm was implemented in Matlab by Rune Barnkob. The Matlab
script (imgs2energy.m) used for extracting Eac via the light intensity model, is available
to download from the Electronic Supplementary Information to the published paper on the
website of Lab on a Chip.

As a result in paper I, we validate this method by comparing the Eac estimated based on
the presented method and results obtained from the analysis of our data using the particle
tracking program Tracker 4.6 to track 20 individual microbeads. Based on this method
we obtained Eac = (1.4 ± 0.5) J/m3 and using the light-intensity method we obtain Eac =

(1.4 ± 0.4) J/m3.Thus, we conclud that the energy density we obtain from our method is
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Figure 4.4: Analysis of the five independent experimental series comprising of 88 individual
acoustophoretic focusing experiments, where the piezo voltage Upp is scanned from 0 to 23 V. (a)
Normalized total intensity curves Iα (t)/I (∞) for every third (for clarity) of the 88 experiments of
either driving the angled transducer (red points) or driving the planar transducer (blue points). (b)
Fitted acoustic energy densities Eac (red and blue disks) as function of the driving voltage squared
U2

pp for each of the five experimental pp-scanning series. Within each of the voltage sweep series, a
voltage square law Eac = βU2

pp (black lines) is fitted to the data points. Also shown are two similar
fits using the bead radius a + ∆a (lower dashed line) and a − ∆a (upper dashed line) with a = 0.7
µm. (c) The data points in panel (a) plotted versus the re-scaled time s, given as s = et /t

∗

and Eac
from panel (b), collapse onto the universal curve nα (s) for the relative average number of particles
calculated as <Nα (t )>

N0
. Adapted from paper I.

agreeable with the previously reported method and in both methods the uncertainty is due
to variation in the size of the particles. In addition, using the presented method we study the
scaling of Eac with the amplitude square of actuation(U2

pp) using 88 focusing experiments
(see Fig.4.4). Within each experiment series, we observe that the energies scale with U2

pp

as expected [72] and to the data we fit a straight line Eac = βU2
pp (black line). Similarly,

we plot dashed lines when the energy densities are extracted using particle radius of a +∆a
and a − ∆a, respectively, with a = 0.7 µm. The method developed in this paper later on
used in paper II to measure the energy densities in the microchannel using a tunable-angle
transducer as mentioned in section 3.2.2 as well as paper V where we used the method in
order to calibrate the MPa-pressure amplitude inside a microchannel using a temperature
controlled high-amplitude actuation on cells.



38 CHAPTER 4. APPLICATIONS OF ACOUSTOFLUIDICS

4.2 Sample preparation

The pain of your love is burning my soul,
It’s all poison though I want it whole
Give me more of it,bitter and pure,
For this agony is better than cure
-Attar of Nishapur (1145-1221)

درد عشق تو که جان می سوزدم  
گر همه زهر است از جان خوش تر است! 

درد بر من ریز و درمانم مکن  
زانکه درد تو ز درمان خوش تر است! 

-  فریدالدین عطار نیشابوری 

Sample preparation is usually referred as the bottleneck of analysis leading to clinical diag-
noses. There are varieties of methods available due to the urge and importance of this first
step of medical diagnosis. Talking about samples in this context, we mean , for example
blood, sputum or biopsy sample. Most often when preparing the samples, there are typical
steps to be taken such as purification (avoiding unwanted cells that can contaminate and
thus change the result of the diagnosis), up-concentration of a certain cell types or bacte-
ria from a mixed sample such as blood with all the cell types it contains (red blood cells
(RBCs), While blood cells, Plasma, Platelets) which can be time consuming in case they
are manually done. In this scenario lab-on-a-chip devices consider to be an efficient al-
ternative both time and budget vise. Microfluidic separation techniques are usually a very
important part of LOC concept to overcome the need of sample purification.

Microfluidic separation techniques can be categorized as passive and active techniques.
Passive techniques do not involve any external forces, consequently they are not very so-
phisticated considering fabrication and accessibility. However, the base of separation in
these methods is the size difference of the particle and not any other parameter. Active
techniques on the other hand, might need other equipments, but they can depend on other
differences such as charge, polarity, magnetic susceptibility, density and compressibility as
well as optical properties (Table 4.1).

4.2.1 Passive separation techniques

Inertial microfluidics

Assuming a confined straight microfluidic channel, the suspended particles in the fluid
experience both shear and normal stresses which lead to parallel (drag force) and perpen-
dicular (lift force) to the direction of the main flow stream inside the channel [99]. Drag
force is usually referred as the force responsible for accelerating particles until they reach
to force free and average intersected fluid speed [100–103]. In 1960 for the first time
Segre and Silberberg observed in a macro-scale flow-through cylindrical pipe that particles
(diameter ≈ couple of mm) move to an annals centered position 0.6 times the radius of
the pipe. More investigation and study on this unknown phenomena led to understanding
about shear gradient lift force known as Saffron force [104] that pushes the suspended par-
ticles away from the center close to the walls [105]. There is also another force known as
wall effect that pushes the particles away from the walls [106, 107]. Assuming the flow
is undisturbed and stable, the suspended particles will end up in an equilibrium position

http://en.wikipedia.org/wiki/Attar_of_Nishapur
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between the mentioned forces. Using these inertial forces enables separation and parti-
cle positioning based on the physical properties of the particles (size, deformability and
shape) [99, 108, 109]. However, a geometrical criteria needs to be satisfied for the good
positioning. That is the ratio of the channel width has to be limited to 5-7 times wider than
the diameter of the particles. [110, 111]. Also due to high shear stresses there is a risk of
damaging surface membrane of the biological samples.

Deterministic lateral displacement

For the first time Huang et al [112] demonstrated that using a matrix of pillars, it is possible
to separate particles of different size and deformability from a mixed sample. In this case
particles with the bigger size and less deformability will shift more and more from their
initial position when flowing through such a matrix, while smaller sized particles with more
deformability will follow a straight path. There are several reported geometry of pillars
used for different application [113–116]. A very important advantage of this technique is
the good size discrimination with the potential of variable cut-off size, while a disadvantage
would be risks for clogging due to narrow space between the obstacles [112, 117].

Hydrophoretic filtration

This technique is based on the generation of a pressure gradient in micro channels by
using slanted obstacles (such as herring bone structure or grooves) in the channel structure
[118, 119]. Chio. S et al. used this technique for continuous blood cell separation and
enrichment of WBC from RBCs with a 210-fold enrichment ration with throughput of
≈ 49 × 103 (cells/s) [119]. This method has less risk for clogging, on the other hand it has
a low size discrimination.

4.2.2 Active separation techniques

Fluorescence-activated cell sorting

FACS perhaps is the most used method in flow cytometry because of its mature develop-
ment in engineering [120]. The cells are pre-labeled with different fluorescent antibodies,
when flowing through the system a detector will detect individual cells based on the scat-
tered light or presence/absence of a fluorescent signal. The single cells of interest are
encapsulate in individual liquid droplets with diameter of around ≈ 70 µl.

Magnetic-activated cell sorting

MACS (trademark of Miltenyi Biotec GmbH) is mostly used in cancer research, immunol-
ogy and neuroscience. In this method, for magnetic labeling, sample cells are incubated
with magnetic beads with antibodies, instead of fluorescence labeling. Cells with the spe-
cific antigens will bind to magnetic beads and by using a magnetic field gradient, the mag-
netic beads can be isolated together with the bound cells. Parallel processing of samples
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with MACS results in high throughput. Another advantage of this method is that the mag-
netic field does not have a significant effect on cell function or immunochemistry. Also
later use of FACS in possible using this method [120–122].

Electrophoresis

Using the electrical properties of cell membrane such as charge density and membrane po-
tential is the base of electrophoretic cell sorting. Therefore there is no need for cell labeling
in this method. Although this method is a powerful technique for molecular separation, it
has not been used as much for cell separation due to technical challenges [123]. Addition-
ally, the science behind it is relatively complicated both in biology and cell surface charge
density, provided by carbohydrates, as well as physics of colloid electrophoretic mobility.

Table 4.1: A list from a number of the available active and passive separation methods [120].

Method Markers Mechanism Throughput/
Flow rate

Active

Flow cytometry
(FACS) Fluorescent labels Fluorescence 100 s−1 [124]

Magnetic
Size, magnetic
susceptibility

Homogeneous/
inhomogeneous
magnetic field

10, 000 s−1 [125]

Electrophoresis Size, charge density
Homogeneous
electric field 0.1 − 0.2 mm s−1 [126]

Passive

Inertial Size, shape
Shear-induced and
wall-induced lift 106 min−1 [127]

DLD Size, deformability Laminar Flow 5 µl min−1 [128]

Hydrodynamic
filtration Size hydrodynamic force 20 µl min−1 [129]
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4.2.3 Ultrasonic sample preparation

On-chip multi-frequency ultrasonic sample preparation

Acoustophoresis is an active sample preparation technique. It is vastly used in microflu-
idics with the favor of price, good separation efficiency and gentleness for physiological
samples. On the other hand, up till now the available methods are applied for continuous-
flow separation of heterogeneous cell samples into different outlet channels in a chip
[73, 130], or for up-concentration, aggregation and retention of cells at a certain trapping
site inside the chip [131–133]. To design a system where a multi-step acoustophoresis, in-
cluding pre-alignment, continuous separation and trapping the cells of interest and for that
one needs to minimize the overlaps of the resonating fields in different parts of the chan-
nel. Thus, the challenge here is to prevent the three-dimensional resonance modes, even
if a one-dimensional resonance was initially intended . In paper III we present a novel
three-step acoutophresis method for separation, isolation and up-concentration of A549
lung cancer cells from red blood cells (RBCs). The microfluidic channel has three zones
(marked in Fig 4.5), for which three transducers were fabricated considering the half-wave
length criteria mentioned in section 3.1.1. Using the method presented in 4.1, we measure
Eac in different zones of the channel. In this paper we quantify the separation and trapping
efficiencies of A549 from RBCs. In addition we demonstrate that it’s possible to study cell
dynamics on the cells of interest inside the chip. It should be mentioned that to overcome
the mutual interference between the acoustic fields in the different zones in the chip, we
have used two broadband transducers for zone 1 and zone 2 in Fig. 4.5.

1.39
MHz

2.78
MHz

4.45
MHz

X

X

Zone 1 Zone 2 Zone 3
Zone 2

Alignment

Trapping

Zone 3

Zone 1

Zone 2

Size-selective focusing
X

X

a b

Figure 4.5: Schematic picture of three transducers glued on to the chip 4.45 MHz used for pre-
alignment of particles (and cells), 1.39 MHz for focusing the larger particles to the center of the
channel. Both of these transducers are broadbanded using epoxy-glue as backing layer. The last
transducer is a single PZT element which is used for trapping the focused particles inside the chamber
with 2.78 MHz. (b) Three different zones and their functions.

As a result in paper III, we demonstrate a multi-step ultrasonic sample preparation by
separation of RBCs from A549 lung cancer cells with flow rates of 5 µl min−1 and 4.5
µl min−1 and the efficiency of 71.4% and 92.4% respectively corresponding to each flow
rate. The trapping efficiency is measured and 93% of cells were trapped within at least 15
minutes. We perform on-chip cell staining of the trapped cells (using 5 µM green Calcine-
AM ) and using fluorescence microscopy enables us to study the dynamic of staining. Later
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by switching the cell staining buffer to a chemical lysis buffer (Saponin 1%) into the chip
we demonstrate on chip cell lysis.

Acoustic micro-vortexing

To prepare a sample in some cases there is a need for efficient mixing of different reagents.
As as we mentioned in section 2.1, mixing in microfluidic devices is very important due
to laminar flows. In some other cases, it might be a need to physically perturb a sample
for further analysis, e.g. when lysing cells to extract DNA. Previously, acoustic methods
have been used for microfluidic mixing, e.g. by oscillating sidewall sharp-edges [134]as
well as oscillating trapped bubbles [82]. The main advantages of the named techniques is
efficiency of mixing but a draw back is that require microchips with specific geometries.
In paper IV, we use high-power (100 W) ultrasound, which is in contact with a dispos-
able PMMA microfluidic chip with 20 µl reaction chamber (ChipShop, Germany) using
small volume of glycerol (see Fig4.6). Actuation of the transducer induces high-velocity
streaming in the chamber which can be used for the applications described. As a result,

ba

Figure 4.6: (a)The photo of the experimental setup which consists of ultrasonic-horn (28 kHz),
the PMMA chip, rod-shaped NdFeB magnet and home-built temperature regulator device below the
chip. (b) The close-up schematic magnified sketch of the marked dashed-square in (a).

first we demonstrate mixing of two laminar flows with flow rate of 200 µl min−1 each in
0.4 seconds. Second, we investigate the vortexing time of 300 nm-sized magnetic beads
in two case scenarios: In one case, a rod-shaped magnet is glued (using epoxy) to the chip
while the acoustic vortexing occurs, and in another case the magnet is only used for mag-
netic bead aggregation in to a small pellet at one side of the chamber’s wall. Thereafter,
we compare the time when complete vortexing is achived (when the magnetic beads are
distributed homogeneously inside the chip). The measured time for complete mixing was
on average 16 s (magnet glued) and 0.7 s (magnet removed). Finally, we investigated if
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this method can be used for lysis and DNA extraction of A549 lung cancer cells in DPBS
buffer. Here the transducer was operated during 25 s per experiment and in these exper-
iments we used a temperature regulator. The actuation time was selected from the visual
confirmation of cell lysis using bright field microscopy. It was observed that there was no
cell with their intact membrane, remained in the chamber after 25 s. The lysed sample
was collected from the chip and analyzed, revealing a 46% yield compared to an off-chip
chemical lysis standard (Magsi-DNA kit).





Chapter 5

Discussion and Outlook

5.1 Method development

5.1.1 Light intensity method

The light intensity method was developed with the motive of performing in-situ measure-
ment of energy density magnitudes inside acoustofluidic chips. This enables us to charac-
terize the acoustic radiation pressures (as well as acoustic radiation forces) inside different
microchannels. The available techniques used for measuring Eac most often rely on grav-
itational or external electric forces [135, 136]. Previously, Wiklund et al. [7] estimated the
acoustic pressure amplitudes inside a microchannel using the advection time and length
needed to align the particles in their system. Barnkob et al. [72] measured the acoustic
energy density only based on the acoustophoretic motion of particles. The method used in
the referred paper is based on a single-particle tracking which specifically studied for low
particle concentrations, as well providing a great step for measuring compressibilities of
individual cells using acoustophoresis [137–139]. In another paper, Augustsson et al. [140]
used micro-PIV to determine the energy density as a function of position across an entire
microscope field of view. Although these methods each offer a great way to perform such
a measurement, there was no simple and rapid determination of the acoustic energy den-
sity by then to our knowledge. One can argue that it is possible to estimate of Eac inside
the channel by knowing the input power. However this is not as straight forward due to
un avoidable losses in the systems such as thermal dissipation. Therefore it can not be a
good merit for measuring the parameters such as pressure or acoustic energy density inside
the acoustofluidic system. The method presented in paper I is very simple to impelement
with a high accuracy. A limitation of this method, however, is the need for transparent
acoustofluidic device for performing bright field microscopy. In case of working with high
pressure applications, to measure the Eac with the light-intensity method, there is a need
for high speed camera to resolve the motion of particles within the short time of trapping.
Without the limitations satetd above, this method can be used as a tool for calibration of
the system with known Eac as well as pressure amplitudes in the way we demonstrate in
paper II, III and V.

45
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5.2 Devices improvements

5.2.1 Tunable-angle transducer

There were two questions driving the study of a tunable-angle wedge transducer:

1. Does the incident direction of actuation matter in acoustofluidic chips we use?

2. Does frequency-modulation (FM) actuation compromise the efficiency of acoustophore-
sis relative to single frequency actuation when using a wedge transducer?

These questions arise from the fact that in devices in which BAW are applied to a
straight microchannel, it is difficult to drive the system in a completely one-dimensional
resonance mode. The line of aligned particles is typically twisted or have fragmented
shape [77]. Although such shapes are not usually an issue if the system is used in a flow
through mode, it may have an impact in more accurate flow—based acoustophoresis [76] as
well as in acoustophoresis not based on flowing medium [15,79]. This complex 3D shaped
of manipulated particles might be a problem. The importance is in particular in applica-
tions involving single cell or particle manipulation [15,80]. There are as well other methods
such as pulsed actuation [141] or frequency modulation (FM) actuation [15,79,80,142] for
controlling undesired shapes of manipulated particles. The FM technique was developed
in our lab based on averaging several single frequencies in time. This method is proven
to be a useful method in cell manipulation application [80], but FM actuation has never
been fully studied, quantified and compared with the standard single frequency actuation
method. Wedge transducers for acoustofluidic manipulation was first studied by Man-
neberg et al [91] and their result showed that 30◦ wedge transducer performed better than
a planar transducer in their setup. However, they used different transducers and the influ-
ence of geometry, size and position of those transducer was not decoupled from different
wedge angles. For that reason we designed and used a single tunable-angle transducer (see
Fig 3.7). The effect of actuation direction and geometry change was decoupled as described
in 3.2.2. We study the pattern of manipulated 5 µm-sized beads, for which the radiation
force dominates over streaming-induced drag force [140] [31]. Then we quantified the
acoustic energy densities in different parts of the channel using the light intensity method
developed in paper I in two different actuation configuration modes (SF and FM). As a re-
sult, we showed that the coupling angle of the TA transducer has an influence on the pattern
and acoustic energy density. Based on the results we confirmed that the FM actuation mode
is indeed a robust method for controlling the shape of trapped particles and in addition us-
ing this actuation method leads to average energy densities which are comparable to those
obtained using standard SF actuation. It caused efficient and predictable acoustophoresis,
and minimizes the need for calibration of the wedge angle. Finally, we demonstrate that
the wedge angle can be used as an additional running parameter in order to control shape
and magnitude of acoustic radiation force field inside the channel as well as fine-tuning the
shape of a complex resonance in the chip. The tunable angle transducer is unnecessarily
sophisticated to be used for simple manipulation function specially flow-thorough modes
as stated in earlier. That’s because of laminar flow profile 2.1.2) which makes particles to
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follow the stream lines even through the regions with lower magnitude of radiation force.
In addition, due to the asymmetry of the radiation force around the twisted nodes any ef-
fects of the bead movement is canceled out in flow-through mode [79]. However the use
of frequency modulation shows a significant effect for controlling particle positions in an
acoustofluidic device and it has been therefore used in the other studies, e.g paper V.

5.2.2 Broadband transducer

This type of transducer is mostly used in medical imaging techniques. However, we use
broadband transducers for the first time for an acoustofluidic particle manipulation setup
in which the cross-section of the channel is not constant. The motive for using broadband
transducers, despite their low Q-factor, is the ability to tune the frequency and search for
other resonance mode inside the microchannel. This is important using a chip presented in
paper III. In this study we use a broadband ultrasonic transducers consisting of planar PZT
plates with epoxy-glue-based backing layers. Many other groups that perform acoustoflu-
idic particle manipulation prefer using a high Q-factor transducer. Mostly due to the fact
that high Q-factor transducers are optimal for single-step, half a wave-length acoustophore-
sis in chip with simple channel geometries. Withal, in case of multi-step acoustophoresis,
the low Q-factor broadband transducer allows fine tuning of the frequencies within much
wider ranges than possible with high-Q-factor transducers. Thus, we could optimize the
system to minimize the resonance-leaking regions. In the performed study in paper III, it
was proven that broadband transducers can be used in acoustophoresis without any heating
effects or large signal amplifications. Alternatively, another way of preventing resonance
leakage is to employ, larger steps in channel width as shown by Manneberg et al. [95].

5.3 Applications

5.3.1 On-chip ultrasonic sample preparation for fluorescence-based
cellular assays

In chapter 4, we discussed the importance of sample preparation in general. In lab-on-
a-chip systems there are still rooms for development of the current platforms used for
sample preparation. Acoustophoresis is widely used in microfluidic systems for that pur-
pose. However, those applications are specific either for separation [130, 130] or up-
concentration [131–133] and retention of cells or particles of interests. Integration of both
functions on a single chip, can meet some of the needs in order to facilitate the preparation
of complex samples. With this motive, we present for the first time the combination of
sized-based continuous separation and trapping of cells based on multi-step acoustophore-
sis for the purpose of fluorescence analysis. In this work we pre-align cell mixture in
two nodes (see Fig4.5) acoustophoretically in Zone 1, instead of hydrodynamic focusing
method (4.2.1) which is typically used. This means that the initial concentration of sample
will not be diluted and instead a non-diluted sample can be processed through all steps
inside the chip. This method of particle pre-alignment can be improved in future by using
a levitation transducer (with a frequency that matched with the channel height) allowing
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two-dimensional acoustophoresis [91, 143] . It has to be noted that when using different
zones in a single chip, there is always an interference in the radiation force field which is
impossible to avoid in practice. In this study, however, we solve this issue by selecting
the flow rate after separation zone (Zone 2 in Figure 4.5) lower than the flow rates out in
the side channels, therefore this flow setting acts as a hydrodynamic defocusing, helping
the focusing function by leading the smaller sized RBCs out to the side channel outlets.
The draw back here is the time it takes to fully replace the medium of the trapping zone
(Zone 3) with different reagents. This also can be improved by optimization of channel
length as well as the size of chamber. By using higher amplitudes for peak-to-peak voltage
(Upp) on trapping transducer, the flow rates can be improved significantly, however that
needs a temperature controlled system. In future by combining a temperature regulator
as demonstrated in paper V with the setup presented in paper III, a high throughput real
clinical sample preparation can be achieved.

5.3.2 Acoustic micro-vortexing of fluids, beads and cells in microfluidic
disposable chips

Micro-mixing in lab-on-a-chip system is a challenge due to laminar flows. Based on the
need for a simple device that can provide a fast micro-mixing, in paper IV we developed
a device that can be used not only for mixing, but also for cell lysis and nm-sized mag-
netic bead vortexing in a disposable PMMA chip with a reaction chamber of 20µl. The
device consists of a sonotrode that works in high power ultrasound regime (operating at
28 kHz) and it can process laminar-flow mixing within the order of 1 × 10−1 seconds. It
was used also for micro-vortexing of magnetic beads which are now commonly used for
DNA extraction assays. Different experiments were performed using this device together
with magnetic beads confirmed that the device is extremely time efficient and vortexing
processes take up to 16 seconds. By applying the high power ultrasound on cell samples
(A549 lung cancer cells) we performed cell lysis. However, in this case the average time of
lysis was 25 seconds and in this time we have a temperature rise up to 55◦C, for which we
used a cooling device with a Peltier element. In this case we could extract DNA content
of the lysed cells. The amount of DNA content was 46% of the equivalent DNA content
extracted from a conventional off-chip method. This could be due to extraction process
in which we might have lost some of the content from the chip. This technique in gen-
eral shows a very promising sample preparation functionality regarding mixing and cell
lysis. However, in future this study needs to be followed by modeling of chip-sonotrode
to investigate the forces and flows induced due to actuation with high power. The type of
transducer used in the study of paper IV is more common in industry, specially for clean-
ing, but there are not many studies regarding the potential application of such devices in
the lab-on-a-chip field.



Summary of Papers

This thesis is based on the following five papers. The author did all the experimental
design, performing all the experiments in the lab and most of the data analysis for the first
four papers. The author contributed majorly to the writing of paper II, III, IV and majorly
to paper I, V. In addition the author contributed partly to the data analysis (of light-intensity
method) and the cell experiments of paper V.

Paper I: Measuring acoustic energy density in microchannel acoustophoresis using
simple and rapid light-intensity method

This paper presents a simple, rapid and in-situ light-intensity-based method for measuring
the acoustic energy density Eac inside a acoustophoretic microchannel. The paper was
promoted as öHot Articleö in lab-on-a chip.

Paper II: Tunable-angle wedge transducer for improved acoustophoretic control in a
microfluidic chip

In this paper we investigate the significance change in actuation direction on particle trap-
ping performance using variable angle transducer. In addition we measure (using our pre-
viously developed method presented in paper I) and comparing the magnitude of Eac for
different angle of incidents. The result shows how in such a system the trapping perfor-
mance can be optimized.

Paper III: On chip ultrasonic sample preparation for cell based assays

This paper presents a new design a chip in which we bring different cell-manipulation and
sample preparation functions- in this case sorting, focusing and up concentration of cells-
together. As a result we are able to separate RBCs from cancer cells and up-concentrate the
cancer cells against the flow and at the end study of the kinetics of cells inside microfluidic
chip in real time.
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Paper IV: Acoustic micro-vortexing of fluids, beads and cells in disposable
microfluidic chips

In this paper, we perform three functions of sample preparation: mixing, overtaxing and
cell lysis, using an ultrasonic horn transducer. The result show a significantly quick prepa-
ration time compare to other available methods

Paper V: Temperature-controlled MPa-pressure ultrasonic cell manipulation in a
microfluidic chip

This paper studies the effect of high pressure amplitude (Mpa) on cell viability and ma-
nipulation performance. The result shows with controlling the temperature inside the chip,
using the high amplitude of pressure is not a limitation for cell viability.
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