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Abstract

During the last decade, ultrasonic manipulation has matured into an im-
portant tool with a wide range of applications, from fundamental cell bio-
logical research to clinical and industrial implementations. The contactless
nature of ultrasound makes it possible to manipulate living cells in a gentle
way, e.g., for positioning, sorting, and aggregation. However, when manip-
ulating cells using ultrasound, especially using high acoustic amplitudes, a
great deal of heat can be generated. This constitutes a challenge, since the
viability of cells is dependent on a stable physiological temperature around
37℃.

In this Thesis we present applications of ultrasonic manipulation of flu-
ids, particles, and cells in temperature-controlled micrometer-sized devices
fabricated using well established etching techniques, directly compatible with
high-resolution fluorescence microscopy. Furthermore, we present ultrasonic
manipulation in larger up to centimeter-sized devices optimized for fluid mix-
ing and cell lysis. In the present work, two new ultrasonic manipulation
platforms have been developed implementing temperature control. These
platforms are much improved with increased performance and usability com-
pared to previous platforms. Also, two new ultrasonic platforms utilizing
low-frequency ultrasound for solubilization and cell lysis of microliter-volumed
and milliliter-volumed samples have been designed and implemented.

We have applied ultrasound to synchronize the interaction between large
numbers of immune, natural killer cells, and cancer cells to study the cytotoxic
response, on a single cell level. A heterogeneity was found among the natural
killer cell population, i.e., some cells displayed high cytotoxic response while
others were dormant. Furthermore, we have used temperature-controlled ul-
trasound to form up to 100, in parallel, solid cancer HepG2 tumors in a
glass-silicon multi-well microplate. Next, we investigated the immune cells
cytotoxic response against the solid tumors. We found a correlation between
the number of immune cells compared to the size of the tumor and the cyto-
toxic outcome, i.e., if the tumor could be defeated.

Finally, the effect of high acoustic pressure amplitudes in the MPa-range
on cell viability has been studied in a newly developed platform optimized for
long-term stable temperature control, independent on the applied ultrasound
power. Lastly, we present two applications of ultrasonic fluid mixing and lysis
of cells. One platform is optimized for small microliter-sized volumes in plastic
disposable chips and another is optimized for large milliliter-sized volumes in
plastic test tubes. The latter platform has been implemented for clinical
sputum sample solubilization and cell lysis for genomic DNA extraction for
subsequent pathogen detection.
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Sammanfattning

Ultraljudsmanipulering har under de senaste tio åren mognat och utveck-
lats till ett verktyg med ett brett användningsområde. Idag kan man finna
applikationer inom allt från cellbiologisk grundforskning till industri samt
sjukvård. Ultraljudsmanipuleringens kontaktlösa natur gör det till en varsam
metod för att manipulera celler, till exempel inom positionering, sortering och
aggregering. När ultraljud med hög amplitud används kan värmeutvecklingen,
som är oundviklig, bli ett problem. För att kunna säkerställa hög cellviabilitet
krävs temperaturkontroll som kan hålla en fysiologisk, stabil temperatur på
37℃.

I denna avhandling presenterar vi tillämpningar av temperaturkontrolle-
rad ultraljudsmanipulering i mikrometerstora anordningar fabricerade med
väletablerade etsningstekniker. Dessa anordningar är optimerade för att vara
fullt kompatibla med högupplöst fluorescensmikroskopi. Vi demonstrerar även
ultraljudsmanipulering i centimeterstora anordningar optimerade för omrör-
ning och blandning av vätskor samt lysering av celler. Två nya plattformar
för ultraljudsmanipulering med inbyggd temperaturkontroll har utvecklats.
Dessa två plattformar erbjuder ökad prestanda, flexibilitet samt även använ-
darvänlighet. Utöver dessa plattformar har ytterligare två anordningar för
lågfrekvent ultraljudssolubilisering och cellysering av mikroliter- och millili-
terstora prover konstruerats.

I denna avhandling har vi tillämpat ultraljud för att synkronisera in-
teraktionen mellan populationer utav immunceller (natural killer-celler) och
cancerceller för att på cellnivå studera det cytotoxiska gensvaret. Vi fann en
heterogenitet hos immuncellspopulationen. Det manifesterade sig i en fördel-
ning av immuncellerna, från celler med stort cytotoxiskt gensvar till inaktiva
immunceller. Vi har dessutom använt temperaturkontrollerad ultrasljudsma-
nipulering för att skapa solida cancertumörer utav HepG2-cancerceller, upp
till 100 stycken parallellt, i en multihåls-mikrotiterplatta bestående av glas
och kisel. Med hjälp av dessa tumörer har vi studerat det cytotoxiska gensva-
ret från immuncellerna. Vi fann att förhållandet mellan antalet immunceller
och storleken på tumören bestämde utfallet, det vill säga om tumören kunde
bekämpas.

Vi presenterar dessutom effekten utav högamplitudsultraljudsexponering
av cancerceller i en plattform speciellt designad för höga tryckamplituder med
implementerad ultraljudseffektsoberoende temperaturkontroll. Slutligen pre-
senterar vi två tillämpningar av ultraljud för vätskeblandning och cellysering.
Den första tillämpningen är anpassad för små volymer i plastchip för en-
gångsbruk och den andra är optimerad för större volymer i plastprovrör. Den
senare tillämpningen är speciellt framtagen för ultraljudssolubilisering och
cellysering utav kliniska sputumprover för att möjliggöra DNA-extrahering
för detektion av smittämnen.
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Chapter 1

Introduction

The scientific work in this Thesis concerns the use of ultrasound as a contactless
tool for fluid, particle, and cell manipulation.

The motion of particles in an acoustic standing wave field was discovered in 1866
by August Kundt [1]. He observed that dust particles within a gas-filled glass tube
agglomerated in certain positions when the gas was set into motion. This so called
Kundt’s tube facilitated measurements of the speed of sound in various types of
gases since the wavelength could be deduced from the distance between agglomer-
ation positions. Predating Kundt by almost a century, Chladni observed in 1787,
following Hooke, that sand particles on a plate set in motion reorganized them-
selves to the places of minimum vibration creating fascinating patterns [2]. These
displacement nodal patterns was seen to depend on both the shape of the plate
and on the vibration frequency. Also, it was discovered that very fine particles did
not aggregate at the nodal patterns as did the larger sand particles, but instead
seemed to gather in clouds over the places of maximum vibration. This acoustic
streaming phenomenon was first reported by Chladni in 1809 [3] followed by Savart
in 1827 [4] and later by Faraday in 1831 [5]. Lord Rayleigh described these findings
in his theory in 1884 [6], hence the name Rayleigh streaming was coined. In parallel
Stokes put forward his theory on internal friction in fluids in motion [7] which later
came to be combined with the theory for acoustic radiation forces.

In 1934, King derived the acoustic radiation pressure on an incompressible
sphere [8]. Almost twenty years later, in 1955, Yosioka and Kawasima extended
King’s analysis by deriving the acoustic radiation force on a compressible sphere [9].
In 1962, Gor’kov summarized and generalized the work of Yosioka and Kawasima
in a short paper [10] which came to be one of the most commonly referred papers
in the field of ultrasonic manipulation. To further extend the theory, Doinikov
included the viscosity of the fluid in a 1994 paper [11], and in 1997 a model for
the thermal dissipation effects were introduced [12]. In 2012, Settnes and Bruus
updated the theory by adding a viscous boundary layer correction factor [13].
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2 CHAPTER 1. INTRODUCTION

One of the first reports on the effects of ultrasound on cells is the one by Dyson
et al. [14] in 1971. By then, ultrasound had become a standard modality in medical
imaging. However, the potential hazard of ultrasound to human tissue was not
fully investigated. In his report, Dyson showed that the flow of red blood cells in a
vessel inside a living chick embryo could be stopped using ultrasound.

Since then, especially in the past two decades, several applications of ultrasonic
manipulation of fluids, particles, and cells have been reported using standing waves
in acoustic resonators. Hawkes and Coakley [15] took an important step in the
early 2000’s when ultrasonic manipulation was implemented in small fluidic de-
vices, which came to direct the research field toward ultrasonic manipulation in
microfluidic systems.

There exist several different particle and cell manipulation techniques, in ad-
dition to ultrasound, each based on its own physical mechanism. These include,
manipulation using hydrodynamic forces such as inertial microfluidics [16], electri-
cal forces such electrophoresis and dielectrophoresis [17], magnetic forces such as
magnetophoresis [18], and optical forces such as optical tweezers [19]. However,
this Thesis will focus on ultrasonic manipulation.

This work has been carried out in the ultrasound manipulation group at KTH in
Stockholm. The group was initiated in the early 2000’s by Hertz and Wiklund. The
Thesis investigates ultrasound as a contactless manipulation tool for the study of
the immune cell function against single cancer cells as well as against ultrasonically
cultured solid cancer tumors. Furthermore, the cell viability of cancer cells exposed
to high acoustic pressure amplitudes is examined under temperature-controlled con-
ditions. Finally, ultrasonic fluid mixing and cell lysis in plastic devices are studied.
Lastly, a clinical application is demonstrated where patient sputum samples are
solubilized and lysed for subsequent DNA extraction and pathogen detection.

This Thesis consists of seven chapters, and the outline is as follows: Chapter 2
comprises the fundamentals of ultrasonic standing wave manipulation, a summary
of the different ultrasonic actuation schemes implemented in this Thesis followed by
a brief overview of different applications. Chapter 3 discusses acoustic streaming,
including applications of the phenomena. Chapter 4 focuses on various methods to
characterize ultrasonic manipulation and acoustic streaming. In chapter 5, device
design for ultrasonic manipulation is described and the experimental platform used
in the Papers is summarized. Finally, chapter 6 is dedicated to the various appli-
cations of the experimental platform, especially the formation of cancer tumors in
vitro using ultrasound. Lastly, chapter 7 presents conclusions and an outlook of the
work in this Thesis.



Chapter 2

Ultrasonic standing wave
manipulation

This chapter concerns the use of ultrasonic standing wave (USW) fields for the
manipulation of fluids, particles, and cells. Section 2.1 gives a brief introduction to
standing waves, which is necessary to describe the acoustic radiation forces (Sect.
2.2) utilized in ultrasonic manipulation. In Sect. 2.3, the impact of material prop-
erties on the manipulation performance is discussed. The different ultrasonic ac-
tuation schemes used in this Thesis are described in Sect. 2.4. Finally, Sect. 2.5
provides a few application examples of ultrasonic standing wave manipulation.

2.1 Ultrasonic standing waves

A sound wave is a mechanical wave described by its pressure and displacement.
Sound can propagate through solid, fluid, gas and plasma media. Throughout this
Thesis we will focus on sound waves (pressure waves) in fluids, typically in aqueous
solutions. In fluids, sound propagates longitudinally by compression and rarefac-
tion throughout the fluid. In order to manipulate particles and cells we use USW to
generate external ultrasound forces acting on the particles and cells within the field
of the standing pressure wave. Ultrasound is defined as sound having a frequency
over 20 kHz. Typically, frequencies in the range of 1–10 MHz are used in ultrasonic
manipulation, though exceptions exist, e.g., Paper 8, where 28 kHz was used to
manipulate fluids and cells. Figure 2.1 shows two examples of acoustic manipula-
tion on a larger scale.

A standing wave is the resulting effect between the interaction of an incident
wave and a reflected wave. The simplest example of a standing wave can be de-
scribed by the displacement fields of two one-dimensional plane harmonic waves,
s1(x, t) = s0 sin(kx − ωt) traveling in the positive x-direction (incident wave) and
s2(x, t) = s0 sin(kx + ωt) traveling in the negative x-direction (reflected wave).

3



4 CHAPTER 2. ULTRASONIC STANDING WAVE MANIPULATION

a) b)

40 mm40 mm

Figure 2.1: Two experimental setups, built by the author, to illustrate acoustic manipu-
lation on a larger scale (� 1 mm). a) A 14 × 14 cm2 Chladni plate [2,20,21] actuacted at
f = 3670 Hz, illustrating how sand is trapped in the resonant displacement nodal pattern.
b) An ultrasonic levitator [22] actuacted at f = 28 kHz trapping millimeter-sized Styro-
foam balls in the pressure nodes of the standing wave between the ultrasonic transducer
(green) and the reflector (red). The center-to-center distance between Styrofoam balls is
λ/2.

The total displacement field of the standing wave is obtained by superposition:

stot(x, t) = s0 sin(kx− ωt) + s0 sin(kx+ ωt) = 2s0 cos(ωt) sin(kx). (2.1)

Here, 2s0 is the displacement amplitude of the standing wave, k = 2π/λ is the wave
number, where λ is the wavelength, and ω = 2πf is the angular frequency of the
standing wave, where f is the frequency. The displacement field of the standing
wave can be seen in Fig. 2.2a. The resulting standing wave is spatially stationary
with a temporal oscillation described by the cos(ωt) term in Eq. 2.1. Locations
at x = nλ

2 with n = 0, 1, 2... where the amplitude is zero are called nodes, and
locations where the amplitude is maximal are called anti-nodes, which occurs at
x = nλ

4 with n = 1, 3, 5.... The acoustic pressure field p(x, t) of the wave can be
calculated by using the following relationship [23]:

p(x, t) = −B∂s(x, t)
∂x

. (2.2)

Here, B is the bulk modulus (also denoted by K in the literature), which is a
material’s resistance to uniform compression. The negative sign arises from the fact
that when ∂s(x, t)/∂x is positive, the displacement is greater at x+ ∆x than at x.
This corresponds to an increase in volume and a decrease in pressure. Furthermore,
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1
-1

0

1

a)

b)

0 λ/4 λ/2x

Figure 2.2: A plane harmonic standing wave in a one-dimensional λ/2 resonator with
hard walls (at x = 0 and x = λ/2), meaning that the normal velocity at the wall is
zero. a) The normalized displacement field with an anti-node at x = λ

4 . b) The normalized
pressure field with a node at x = λ

4 . The gradient background illustrates nodes with solid
black and anti-nodes with solid white.

there is always an ambient pressure pam; hence, the pressure p is the increase in
pressure over ambient pressure. Using Eq. 2.1 with Eq. 2.2, the standing wave can
be expressed in terms of pressure:

ptot(x, t) = p0 cos(ωt) cos(kx), (2.3)

where p0 = 2Bks0 ≡ pmax, omitting the sign. The pressure field of the standing
wave can be seen in Fig. 2.2b.

2.2 Acoustic radiation forces

The first analysis on suspended spherical incompressible particles (here, "particle"
means any physical body small enough so a� λ, where a is the radius) in an acous-
tic field in an ideal (non-viscous) fluid was conducted by King [8] (1934). Yosioka
and Kawasima [9] (1955) and Gor’kov [10] (1962) extended King’s analysis to in-
clude compressible particles. While the assumption of an ideal fluid holds true for
near-neutral buoyancy particles [24], corrections for the fluid’s viscosity are neces-
sary when particles with a density that is much different from that of the fluid are
used. Doinikov (1994 and 1997) further extended the theory to include, e.g., vis-
cosity [11] and thermal dissipation effects [12] followed by Settnes and Bruus (2012)
who updated the theory by adding a viscous boundary layer correction factor [13].

Acoustic radiation forces can be generated on particles by both traveling and
standing acoustic waves. However, in this Thesis we will focus on the acoustic
radiation forces generated in a standing wave field. The source of these forces is
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the nonlinear time-averaged interaction between the standing wave field and the
resulting scatted acoustic field from the particle.

There are two main acoustic radiation forces: the primary radiation force, FPRF,
and the secondary radiation force, FSRF. The FPRF is described in Sect. 2.2.1,
where the special case of a one-dimensional plane harmonic standing pressure wave
is treated. Section 2.2.2 describes the FSRF and the effect on manipulation perfor-
mance.

2.2.1 Primary radiation force
In order to optimize the ultrasonic manipulation performance in a system it is
important to know what forces are involved. There are two main categories to con-
sider: Acoustic radiation forces and acoustic streaming forces. The first category,
the acoustic radiation forces which are known to force particles or cells to the acous-
tic pressure node or the anti-node depending on their density and compressibility
relative to the suspension medium, are presented here and in Sect. 2.2.2.

The primary radiation force is the nonzero time-averaged force exerted directly
on a particle in an arbitrary standing wave field. With the force potential given by
Gor’kov [10], and following the same formalism as in Ref. [25], we get:

U = V

(
f1Epot −

3
2f2Ekin

)
. (2.4)

Here, U is the force potential, V = 4πa3/3 is the volume of an incompressible
spherical particle with radius a, and Epot and Ekin are the time-averaged potential
and kinetic energy densities at the location of the particle, respectively, given by:

Epot = 〈p2〉
2ρ0c2

0
, (2.5a)

Ekin = ρ0〈v2〉
2 , (2.5b)

where p and v are the pressure and velocity fields, respectively. Here, ρ0 is the
density and c0 is the speed of sound of the surrounding suspension fluid. Angle
brackets 〈...〉 denote the time-average. The dimensionless correction factors f1 and
f2 (also called contrast factors in the literature) are given by:

f1(κ̃) = 1− κ̃, with κ̃ = κp

κ0
, (2.6a)

f2(ρ̃) = 2(ρ̃− 1)
2ρ̃+ 1 , with ρ̃ = ρp

ρ0
. (2.6b)

Here, κ̃ is the compressibility ratio between the particle and suspension fluid, where
κp is the compressibility of the particle material and κ0 is the compressibility of
the surrounding fluid. Importantly, for fluids the compressibility is calculated as
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κ = 1/ρc2 (isentropic); for solids, most commonly, the compressibility is calculated
as the inverse of the bulk modulus, κ = 1/B [26]. Here, index "p" belongs to
the particle and index "0" belongs to the surrounding fluid. Furthermore, ρ̃ is
the density ratio between the particle and the surrounding fluid. Importantly, the
longitudinal sound speed c is the phase speed of the sound field and should not be
mistaken for the velocity v of the sound field, which refers to the oscillation of a
volume element hosting the acoustic wave.

As a result, particles in the standing wave field are attracted to the minimum
of the Gor’kov force potential (Eq. 2.4) affected by the primary acoustic radiation
force, FPRF, which is obtained as the gradient of the Gor’kov force potential:

FPRF = −∇U = −4πa3

3

(
f1

1
2ρ0c2

0
∇〈p2〉 − f2

3ρ0

4 ∇〈v
2〉
)
, (2.7)

This is the general expression of the primary radiation force. However, a good
approximation of the primary acoustic radiation force for systems with simpler
geometries is the one-dimensional case of the FPRF. To obtain the one-dimensional
case of Eq. 2.7, both the time-averaged pressure, 〈p2〉, and velocity, 〈v2〉, fields are
needed. The pressure field for a one-dimensional plane harmonic standing wave has
already been obtained (see Eq. 2.3). The corresponding velocity field is obtained
through the time derivative of the previously mentioned displacement field (Eq. 2.1):

vtot(x, t) = ∂s(x, t)
∂t

= − p0

ρ0c0
sin(ωt) sin(kx), (2.8)

which results in 〈p2〉 = 1
2p

2
0 cos2(kx) and 〈v2〉 = 1

2ρ2
0c

2
0
p2

0 sin2(kx). Hence, the one-
dimensional case of Eq. 2.7 can now be written as:

FPRF, ax = − ∂

∂x
U(x)êx = 4πΦ(κ̃, ρ̃)a3kEac sin(2kx)êx, (2.9a)

Φ(κ̃, ρ̃) = 1
3f1(κ̃) + 1

2f2(ρ̃) = 1
3

(
5ρ̃− 2
2ρ̃+ 1 − κ̃

)
, (2.9b)

Eac = p2
0

4ρ0c2
0
, (2.9c)

where êx is the Cartesian unit vector pointing in the positive x-direction, Φ(κ̃, ρ̃) the
acoustophoretic contrast factor [24], and Eac is the acoustic energy density. Please
note that the additional index "ax" (on the FPRF, ax) indicates the one-dimensional,
i.e., the axial component of the FPRF. Figure 2.3 shows Eq. 2.9a, which has a pe-
riod doubling due to the sin(2kx) term.

The sign of the acoustophoretic contrast factor determines if the particle or
cell is trapped in the pressure node (Φ > 0) or in the anti-node (Φ < 0). For all
work in this Thesis, only particles and cells with a positive acoustophoretic contrast
factor were used (i.e., different types of cells, polyamide, and polystyrene beads).
However, Grenvall et al. [27] showed ultrasonic sorting of cells and lipids in raw
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-1

0

1

0 x

Figure 2.3: Schematic illustration of the normalized one-dimensional axial component
of the primary acoustic radiation force, FPRF, ax (assuming a particle with a positive
acoustophoretic contrast factor, Φ > 0), in a plane harmonic standing wave in a λ/2
resonator with hard walls. Red arrows show the direction of movement of particles toward
the pressure node at x = λ

4 .

milk exploiting the fact that lipids (fat) have a negative acoustophoretic contrast
factor, hence being trapped in the pressure anti-node, compared to cells which have
a positive contrast factor and are trapped in the pressure node. In fact, Grenvall’s
work is based on the previous work by Nilsson et al. [28] and Petersson et al. [29,30]
who demonstrated continuous separation of lipids from blood in microfluidic chips
using ultrasound.

As an numerical example relevant to this work, the magnitude of the one-
dimensional FPRF, ax (cf. Eq. 2.9a) will be estimated for cancer cells (HepG2) [31]
in pure water. The density and compressibility for these cells are 1087 kg/m3

and 4.28× 10−10 Pa−1, respectively. The energy density Eac is assumed to be
100 J/m3, which is on the same level as in Paper 7. The frequency is assumed to
be 2 MHz, which is a typical value used in the Thesis. The cell radius is ≈ 5 µm,
and the temperature of the fluid (pure water) is set to 37℃, optimized for high
cell viability [32]. Both the density and the compressibility for water at 37℃ are
calculated using Ref. [13], i.e., 993.3 kg/m3 and 4.34× 10−10 Pa−1, respectively.
This gives a maximum FPRF, ax ≈ 40 pN at locations λ/8 from the pressure node.
However, if the cells were suspended in cell culture medium (e.g., PBS) with a
salinity of ≈ 0.008 the FPRF, ax is almost 27% lower due to the change in density
and compressibility compared to pure water (calculated using Ref. [13]).

In fact, FPRF, ax depends on the volume of the particle (a3) and the frequency
(f = c0k

2π ), where the frequency is the actuation frequency of the piezoelectric trans-
ducer (cf. Chap. 5). Furthermore, FPRF, ax also depends on the acoustic energy
density (Eac) of the standing wave field. Whereas both the volume and the fre-
quency are straightforward to assess, the acoustic energy density is a challenging
parameter to estimate. However, Chap. 4 describes a method based on the analy-
sis of the light-intensity in experimental images of the trapping event. Using this
method, it is possible to calculate the acoustic energy density.

The special case of a one-dimensional plane harmonic wave FPRF, ax (cf. Eq. 2.9a)
is a useful approximation. However, a real sound field is neither one-dimensional
nor uniform. As a consequence of the nonuniform amplitude distribution of the



2.2. ACOUSTIC RADIATION FORCES 9

sound source (cf. piezoelectric transducer, Chap. 5) and influences from bound-
aries within the resonator cavity on the sound field, there will be an additional force
contribution on the particle in the lateral direction FPRF, lat, also called Bernoulli
force [33–36]. Figure 2.4 illustrates the case of a nonuniform standing wave field.
Here the nonuniform velocity field has a lateral amplitude distribution (cf. velocity
anti-node in Fig. 2.4), which, in turn, contributes to the total primary acoustic
radiation force (denoted FPRF, tot in the figure). As a result, particles are first
driven to the pressure node, due to the first gradient term of the FPRF (cf. ∇〈p2〉
in Eq. 2.7), where they form bands. Secondly, particles are further driven to regions
of amplitude maxima within the velocity anti-node due to the lateral force compo-
nent FPRF, lat. This is due to the nonzero gradient term ∇〈v2〉 in Eq. 2.7. As a
result, ultrasonic manipulation systems designed to hold particles or cells against a
flow often utilize the FPRF, lat to counteract Stokes’ drag originating from the flow
acting on the trapped particles or cells [37].

Pressure
 node

Pressure
anti-node

a)

0

x
Velocity 
anti-node

b)

x

0
Pressure
 node

Pressure
anti-node

Velocity 
anti-node

Figure 2.4: Schematic illustrations of the primary (black) and secondary (blue) acoustic
radiation forces in a nonuniform standing wave field, cf. the non-constant velocity anti-
node. The particles (green) are assumed to have a positive acoustophoretic contrast factor
(Φ > 0) in a λ/2 resonator with hard walls. a) Initially, the axial component FPRF, ax (red)
is dominant. b) Once close to the pressure node, the weaker FSRF (blue) and the lateral
components, FPRF, lat (orange), of the total acoustic radiation force, FPRF, tot (black),
attract the particles forming closely packed aggregates at the velocity anti-node/pressure
node. The lengths of the arrows are adjusted for clarity.

The special case of a one-dimensional plane harmonic wave (Eq. 2.9a), is ac-
curate enough for approximating the primary radiation force for simpler resonator
geometries (such as the one used in Paper 7). However, when the geometry of
the resonator becomes more complex it is generally insufficient to use Eq. 2.9a to
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estimate FPRF. Therefore, instead of analytic solutions, one has to rely on numer-
ical methods such as the finite element method (FEM) to calculate the acoustic
radiation forces. Figure 2.5 shows an example of FEM simulation using COMSOL
Multiphysics® software to simulate the acoustic pressure in a more complex ge-
ometry and the corresponding experimental verification. Nonetheless, for simple
resonator geometries the one-dimensional case of the FPRF, ax (Eq. 2.9a) is a good
first approximation for understanding and to be able to optimize the ultrasonic
manipulation performance. Chapter 4 demonstrates how Eq. 2.9a can be used to
measure the acoustic energy density, Eac, in a resonator.

a)

b)

Figure 2.5: A confocal-shaped resonator ultrasonically actuated at f = 3.55 MHz.
a) Qualitative FEM simulation using the solid mechanics and pressure acoustics modules
in COMSOL Multiphysics®. A prescribed displacement (f = 3.55 MHz) is set on the
outer boundaries of the resonator chip. This in turn creates a boundary load on the
confocal-shaped resonator giving rise to the acoustic pressure nodal pattern inside the
resonator. Here, log(p) is plotted (black low pressure, gray high pressure). b) Experimental
verification using small micrometer-sized polyamide particles. Particles are trapped in the
pressure nodes, here shown as black lines.

2.2.2 Secondary radiation force

The above equations describing the acoustic radiation forces are only valid for single
particles. In many experiments, more than one particle is involved. In the case of
several particles the scattered sound fields will interact with neighboring particles.
This interaction gives rise to the secondary radiation force FSRF, which is also
called Bjerknes force [38]. Figure 2.4b shows the effect of FSRF as two particles
come close to each other at the pressure node.

In the case of a plane harmonic standing wave, the FSRF between two identical
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particles can be written as [39]:

FSRF = 4πa6
(

(ρp − ρ0)2(3 cos2 θ − 1)
6ρ0d4 v2(x)− ω2ρ0(κp − κ0)2

9d2 p2(x)
)

êx, (2.10)

where d is the interparticle distance (center-to-center), and θ is the angle between
the line connecting the particle centers and the propagation direction of the sound
field. Here we have assumed a one-dimensional standing pressure wave in the
positive x-direction. A negative FSRF is defined as an attractive force between the
two particles. The FSRF is strongly dependent on the distance between particles,
i.e., the force only plays a role in suspensions with high particle concentrations or
close to the pressure node for which the interparticle distance is small (assuming
Φ > 0). Typically, at the pressure node where θ = π/2, the angle dependence
of the FSRF, i.e., the cos2 θ term in Eq. 2.10, results in closely packed particle
aggregates. Below, a numerical example relevant for this Thesis follows, comparing
the magnitude of FSRF and FPRF for a one-dimensional plane harmonic wave.
Assuming an attractive FSRF, i.e., θ = π/2 and x = λ/4 (the two particles are
located in the pressure node of the standing wave). At the pressure node, p2(x) = 0.
Therefore, the last term on the right-hand-side in Eq. 2.10 is zero. Furthermore,
the maximum velocity can be written as v2(x) = (p0/(c0ρ0))2, inserting this in
Eq. 2.10 yields:

FSRF = 4πa6p2
0

(
− (ρp − ρ0)2

6ρ3
0c

2
0d

4

)
êx, (2.11)

Using the same parameters as for the numerical example in Sect. 2.2.1 with
p0= 0.96 MPa (= 100 J/m3) via Eq. 2.9c, the maximum FSRF is ≈ -12 pN when
d = 10 µm (particle–particle contact) and it drops off quickly as the distance,
d, increases. At d = 20 µm (one-particle diameter between the two particles)
the FSRF has decreased to ≈ -0.7 pN. These values can be compared with the
FPRF, ax ≈ 40 pN acting on particles at locations λ/8 from the pressure node. Re-
call, that FPRF, ax is zero at the pressure node. Hence, FSRF and FPRF, ax are
not maximal at the same locations. The negative sign on the FSRF indicates, by
convention, an attractive force.

2.3 Impact of material properties

Ultrasonic manipulation of particles and cells is strongly dependent on the size
(volume and shape), frequency, energy density (pressure amplitude), and on the
material properties of the particle or cell. Both the compressibility and the density
of the particle or cell determine the manipulation outcome (e.g., trapping speed
and location). Figure 2.6 shows FPRF, ax for different material properties, i.e., the
simplified case of the FPRF using a plane harmonic one-dimensional standing wave
in a λ/2 resonator with rigid solid walls. Despite being an idealized case, Fig. 2.6
can still provide insight into the ultrasonic manipulation performance of different
materials. It is interesting and noteworthy that cells are affected by such a large
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span of forces (i.e., the width of the "cell" curve in Fig. 2.6). This is used, for
instance, to sort cells in acoustofluidic applications where the trapping time, i.e.,
the time it takes for a certain cell type to reach the pressure node, is different for
different types of cells, assuming the same size. Consequently, when designing a
system for ultrasonic manipulation it is important to know the material properties
of the particle or cell to be manipulated as not to under or overestimate the forces
involved.

-60

-40

-20

0

20

40

60

0

Cells
Polystyrene
Polyamide

Pr
es

su
re

 n
od

e

[p
N

]

x

Figure 2.6: The axial component of the primary acoustic radiation force, FPRF, ax (as-
suming a planar harmonic one-dimensional standing wave in an inviscid fluid), for different
types of "particles." Material data for cells, polystyrene, and polyamide are taken from
Ref. [31,40,41]. The calculations are based on the following assumptions: A single spherical
particle with a diameter of 5 µm, ultrasonic actuation frequency of 2.5 MHz, acoustic pres-
sure amplitude of 1 MPa, the suspension fluid is water at 37℃ with density 993.3 kg/m3,
compressibility of 4.34 × 10−10 ms2/kg, and speed of sound 1552.8 m/s. The black arrows
show the direction of the FPRF, ax.

It is important to note that, real sound fields are typically not uniform nor one-
dimensional (recall Sect. 2.2.1). Both Leibacher et al. [26] and Wiklund et al. [25]
studied the manipulation outcome for different types of particle materials, where
the outcome greatly differed from the one shown in Fig. 2.4. The authors also
showed that the velocity anti-node and pressure node do not necessarily need to be
colocalized for certain selections of material properties. Consequently, the lateral
force contribution (cf. Sect. 2.2.1) FPRF, lat (cf. Fig. 2.4b) can, under certain
circumstances, have a dispersive effect on the trapped particles.

So far, all calculations have been implemented under the assumption that the
fluid, in which the particles or cells are suspended in is inviscid. The relative change
of the acoustophoretic contrast factor Φ (when taking into account the viscosity of
the suspension fluid) is about 1% or less for 5 µm diameter polystyrene particles in
water [24]. On the other hand, less compressible particles (e.g., glass) may have a
much larger relative change of the acoustophoretic contrast factor [24]. Generally,
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in this Thesis, only near-neutral-buoyancy particles have been used, such as cells
and different kinds of polymer-based beads, making the inviscid fluid approximation
valid.

2.4 Ultrasonic actuation schemes

How to apply ultrasound to get a desired manipulation effect is not straightforward.
In this Thesis, two types of actuation schemes have been used: Single-frequency
(SF) and frequency-modulated (FM) actuation. An experimental comparison be-
tween SF and FM actuation can be seen in Fig. 2.7, where the trapping effect is
studied in the multi-well microplate (Papers 1–6). Generally, the actuation fre-
quency (SF) or frequencies (FM) are selected to match a resonance condition in
the resonator, typically λ/2, to achieve a single pressure node in the center of the
resonator.

a)

b)

Figure 2.7: Experimental images showing the difference between a) single-frequency
and b) frequency-modulated actuation in the multi-well microplate using 5 µm polyamide
particles. Only one row of the 10 rows of the microplate is shown. a) The effect of
SF actuation is elongated particle aggregates with almost unpredictable locations and
orientations. b) The effect of FM actuation is closely packed particle aggregates in the
center of each well in the multi-well microplate.

2.4.1 Single-frequency actuation
The most straightforward way of actuating any ultrasonic manipulation device is
with a single frequency. The benefit of using this actuation method is the simplicity,
as the driving unit (e.g., a signal generator) does not need to be optimized for more
complex actuation schemes. A drawback of using this rather simple actuation
method is the demand of resonance frequency matching as USW manipulation
depends on resonance in order to be able to manipulate particles and cells. Care
must be taken to match the single frequency with the resonance frequency of the
device. This is not as simple as it sounds, since the resonance of the device shifts
with, e.g., temperature and mechanical loading (for more information see Chap. 5).

2.4.2 Frequency-modulated actuation
One way to deal with the limitations that are inherent in SF actuation is to use
frequency-modulated (FM) actuation. In the Papers presented herein, both SF and
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FM actuation have been used. There are several ways in which to implement FM
actuation. In the upcoming sections, both sawtooth modulation and frequency-
shift keying (FSK) are described. As is seen in Fig. 2.7, FM actuation can improve
the ultrasonic manipulation effect.

2.4.2.1 Sawtooth modulation

The most used implementation of FM actuation in this Thesis is sawtooth modu-
lation. Sawtooth modulation is based on linear frequency sweeps around a center
frequency, fcenter, with a frequency span, fspan. The linear sweep is repeated with
a repetition rate, frate. An illustration showing the working principle of sawtooth
modulation can be seen in Fig. 2.8. An important benefit by sweeping the frequency
is that the effect of the resonance drift on the manipulation performance, mentioned
earlier, is minimized. Furthermore, when the resonator is more complex (e.g., not
one-dimensional, cf. Fig. 2.7), there exist more than one fundamental resonance
frequency, resulting in one pressure node (for a detailed discussion see Paper 1).
From Fig. 2.7 it is clear that by sweeping the frequency, more than one resonance
frequency will be excited. As a result, the final outcome is the time average (i.e.,
the intersections) of all single-frequency pressure nodal patterns. Especially, in the
multi-well microplate, sweeping the frequency is crucial to its performance of aggre-
gating cells in the center of each well (cf. Fig. 2.7). Additionally, for long λ/2-wide
channels where the channel length � width, the shape and the long term stability
of the pressure node can be greatly increased by FM actuation [42,43].

time

Fr
eq

ue
nc

y

fstart

fstop

t0 t1

fcenter

Figure 2.8: Illustration of sawtooth modulation. The frequency is swept around a center
frequency, fcenter, with a certain frequency span (fspan = fstop − fstart), and at a certain
rate (frate = 1

t1−t0
) — all quantities are measured in Hz. Typically, frequency spans of

50–200 kHz and a rate of 1 kHz have been used in this Thesis.

2.4.2.2 Frequency-shift keying

Another way of achieving FM actuation is to alternate between two single-frequencies,
f1 and f2. This frequency modulation scheme is called frequency-shift keying
(FSK). The author implemented FSK by feeding a transistor–transistor logic (TTL)
signal from a pulse generator to a signal generator [44]. The duty cycle of the TTL
signal (5V binary 1 and 0 V binary 0, cf. "Data" in Fig. 2.9a) determines the
ratio between f1 and f2. In contrast to sawtooth modulation, FSK only permits
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two frequencies compared to a span of frequencies. Similar to SF actuation, FSK
suffers from the same limitations as SF, i.e., the lack of resonance-drift control.
Nevertheless, FSK has the benefit of arbitrary control of the ratio between f1 and
f2; hence, the shape of the trapped aggregate in Fig. 2.9 can be controlled more
freely than that of FM actuation.
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Figure 2.9: Illustrations and experimental images showing the working principle of
frequency-shift keying in a rectangular-shaped resonator [44]. a) The "Data" duty cy-
cle decides the ratio between frequency f1 and f2. Frequencies f1 and f2 are here selected
to match λ/2 in the horizontal and vertical directions in the resonator, respectively. Here
a duty cycle of 50% is depicted. b) Three different sketches showing the ideal trapping
result in a two-dimensional rectangular λ/2 resonator for different duty cycles. Starting
from the left: a duty cycle of 0%, i.e., only frequency f1 is applied and the result is a
single elongated pressure node in the vertical direction, here shown by the green trapped
particles. Middle: a duty cycle of 100%, i.e., only frequency f2. Right: a duty cycle of
50%, i.e., a combination of both frequencies forming a compact cluster in the center. c)
Experimental verification of the sketches in b) using frequency-shift keying and 10 µm
fluorescent polystyrene beads.

2.5 Applications of USW manipulation

This section is intended as a brief overview of the many applications of USW ma-
nipulation in biomedicine and cell analysis.

Ultrasonic standing wave manipulation technology has advanced from theory-
based work to implementations of the technology into various lab-on-chip appli-
cations during the last two decades. Today, USW manipulation deals with both
bulk handling and single-cell methods. Generally, applications of USW manipula-
tion in microdevices can be divided into two categories: Flow-through and no-flow
applications, the latter being the main focus of this Thesis. A few examples of
flow-through USW applications are: Separation of cells on the basis of size and/or
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acoustophysical properties such as density and compressibility [15, 27, 45–49], en-
richment of cancer cells in blood-based samples [50], continuous cell washing in mi-
crofluidic chips [51], up-concentration of bacteria using seed particles [52], retention
of cells against a flow [53], flow-free transportation of cells using modulated ultra-
sound [42, 54], positioning of particles for flow cytometry [55], ultrasound-assisted
fluorescence-activated cell sorting (FACS) [56], as well as enhancing bead-based
assays [57]. Furthermore, promising applications of no-flow USW manipulation
include: inducing and studying cell–cell interactions (Paper 1,3,5) as well as the
formation of three-dimensional cell cultures (Paper 6, cf. Chap. 6).

USW manipulation is both a contactless manipulation method and a gentle
one (cf. Paper 7) when using moderate pressure amplitudes [58, 59] (. 1 MPa for
frequencies > 1 MHz). Interested readers are recommended the book "Microscale
Acoustofluidics" [60], which gives a good overview of both the theory and applica-
tions of ultrasonic manipulation in microfluidic devices. Here the term acoustoflu-
idics simply means ultrasound-based manipulation of microparticles (as well as
cells) in fluidic systems.



Chapter 3

Acoustic streaming

In this chapter a qualitative description of acoustic streaming is given, based on the
findings in Paper 2. Section 3.1 gives an overview of the different types of acoustic
streaming and Sect. 3.2 focuses on the applications of acoustic streaming, both in
micro and macro-scale devices.

3.1 Different types of acoustic streaming

Acoustic streaming is the phenomenon related to the net flow in a fluid generated
by the attenuation of a sound wave [61]. There are two types of streaming [62]:
One due to the spatial attenuation in free space (Sect. 3.1.1), i.e., a large fluid
volume compared to the wavelength, and the other due to the attenuation between
interfaces such as fluid-solid wall (Sect. 3.1.2) or fluid-bubble (Sect. 3.1.3). In this
chapter we will treat acoustic streaming in liquids (a subset of fluids), typically
acoustic streaming in aqueous solutions.

Lord Rayleigh derived the first theoretical model describing acoustic streaming
in 1884 [6]. Later contributions were added by Schlichting [63] 1932, Eckart [64]
1948, Nyborg [61] 1965 and Lighthill [65] 1978, to mention but a few. For a more
theoretical description of acoustic streaming, the reader is referred to a tutorial
paper on acoustofluidics, "Acoustofluidics 13: Analysis of acoustic streaming by
perturbation methods" [66].

Acoustic streaming is strongly coupled with ultrasonic manipulation, i.e., you
cannot have one without the other. However, there are ways to suppress the acoustic
streaming and still maintain an efficient ultrasonic manipulation performance (Sect.
3.2.1). Even though acoustic streaming can be of an unwanted nature (e.g., impede
manipulation), it can also be useful for mixing liquids and lysis of cells (cf. Paper
8) or even allow for a stable ultrasonic aggregation of particles (cf. Paper 7).

17
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3.1.1 Eckart streaming

Eckart streaming [64], also called "quartz wind", is due to the viscous attenuation of
a sound wave in free space, i.e., in the bulk of the fluid. The amplitude of the sound
wave decreases exponentially (for Newtonian fluids such as water) as the wave prop-
agates away from the sound source (cf. "Transducer" in Fig. 3.1) due to the viscous
attenuation. Eckart streaming can be generated in both traveling waves and stand-
ing waves. However, the effect is significantly lower in standing waves due to its
bidirectionality that partially counteracts the streaming. The attenuation α, is pro-
portional to the frequency squared (α ∝ f2) of the sound wave given by Stokes’ law
of sound attenuation [7, 23]. This loss of acoustic energy as the sound wave prop-
agates gives rise to a steady jet of fluid in the direction of the sound propagation.
According to the principle of mass conservation and the finite resonator geome-
try, the fluid recirculates in order to replace the forward jetting fluid creating the
vortex-like pattern typical for Eckart streaming, see Fig. 3.1. According to theory,
the resonator geometry, especially its length, has to be larger than the wavelength
or more importantly the attenuation length α−1 [67,68]. For practical applications
this translate to a few centimeters at tens of MHz in water [23]. However, previously
performed experiments in our group showed Eckart streaming [69,70] on the length
scale of millimeters for 4 MHz actuation which differs from the theoretical centime-
ter scale presented in the literature. Despite the apparent deviation from theory,
an explanation could be the vastly different boundary conditions: the free space
condition compared to the finite standing wave resonator used in the experiment.
Similar to the attenuation length in free space for a traveling wave it is likely that
for a standing wave the attenuation length is simply the total path length traveled.
For example, after a couple of round trips in the millimeter-sized standing wave
resonator the total path length traveled (the attenuation length) is of the order
of centimeters, hence the attenuation of the sound wave gives rise to the observed
Eckart streaming. On the other hand, in some applications when Eckart streaming
is not desirable, e.g., when it impede the manipulation performance one can use
acoustical transparent windows [70, 71] to prevent the fluid jet and still maintain
manipulation capabilities. Furthermore, it has also been shown by Bernassau et
al. [72] that Eckart streaming can be suppressed by decreasing the effective volume
of the resonator by coating the resonator with a biocompatible agar gel layer which
has acoustical properties that are very similar to those of water without disturbing
the desired acoustic resonances. Lastly, Matsuda et al. showed Eckart streaming
speeds in excess of 6 cm/s in water for an acoustic pressure amplitude of 40 kPa
and a frequency of 3.45 MHz [73]. Generally, Eckart streaming is considered to be
one of the fastest acoustic streaming fluid flows.

3.1.2 Inner and outer boundary streaming

The outer boundary streaming was first described mathematically by Lord Rayleigh [6].
Similarly, the inner boundary streaming was first modelled mathematically by
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Transducer

L> > λ

Figure 3.1: Eckart streaming in a resonator much larger than the wavelength (L � λ)
and the attenuation length of the sound (L � α−1). The forward streaming jet induces
backflow typical for Eckart streaming.

Herman Schlichting [63,74]. In fact, the dust particles observed by Kundt [1] in his
famous Kundt’s tube experiment were agglomerated at the pressure anti-nodes of
the standing wave due to the acoustic inner and outer boundary streaming field.

The inner and the outer boundary driven streaming is like the Eckart stream-
ing driven by viscous attenuation of a sound wave. However, for boundary driven
streaming it is the attenuation in the solid-fluid boundary layer, i.e., the walls sur-
rounding the resonator chamber, which is parallel to the propagation direction that
drives the streaming. Because of the non-slip condition at the solid-fluid interface
there exist a velocity gradient, starting with zero velocity at the solid-fluid interface
and ending with its free stream velocity. The large viscous forces between adjacent
fluid layers within the boundary layer result in high dissipation of acoustic energy,
which induces acoustic streaming. This boundary layer has a certain size depending
on a combination of the kinematic viscosity, ν, and the angular frequency of the
sound field, ω, which is often called the viscous penetration depth, δν =

√
2ν/ω [75],

and is on the order of 1 µm for low MHz ultrasound in water at room tempera-
ture. Consequently, the acoustic streaming within this boundary layer is called
inner boundary streaming or Schlichting streaming. The steady streaming vortices
due to viscous attenuation are aligned along the solid-fluid interface oriented from
pressure anti-node to pressure node. Importantly, once inner boundary streaming is
established outer boundary streaming is generated, also called Rayleigh streaming.
Figure 3.2 shows inner and outer boundary streaming, with the λ/4-sized vortex-
antivortex pair typical for outer boundary streaming. Boundary driven streaming
is most often observed in standing wave fields in closed cavities and is more pro-
nounced under the condition that λ� L� δν where λ is the acoustic wavelength
and L is the characteristic length scale of the resonator, see Fig. 3.2. Despite the
fact that the four vortices (two vortex-antivortex pairs) shown in Fig. 3.2 in a λ/2
resonator is the most typical case of outer boundary streaming there exist special
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cases where only a single λ/2 sized vortex occurs [76] (see Sect. 3.2.1). Typical
outer boundary streaming speeds in water in a λ/2 resonator at an acoustic pres-
sure amplitude of (0.87±0.02) MPa and frequency 2.53 MHz is on the order of 100
µm/s (cf. Paper 7).
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Figure 3.2: A λ/2 resonator with inner (Schlichting) boundary layer streaming within
the viscous boundary layer (grey regions) with thickness δν and outer (Rayleigh) boundary
layer streaming within the bulk of the fluid (white region). In the plane of the pressure
node the outer boundary layer streaming is directed outwards counteracting the lateral
component of the primary acoustic radiation force, FPRF, lat (cf. Sect. 2.2.1).

3.1.3 Cavitation microstreaming
Similar to inner and outer boundary streaming, cavitation microstreaming is the
streaming flow created by viscous attenuation at the interface between a microbub-
ble and the surrounding fluid [77]. A key mechanism in cavitation microstreaming
is the oscillation of a microbubble, sonicated near or at its resonance frequency.
Nyborg showed [61, 78], almost half a century ago, that the main effect behind
cavitation microstreaming is the amplified scattered acoustic field from a sonicated
bubble interacting with the fluid-bubble interface. In fact, it is due to the com-
pressibility of the bubble that the magnitude of the streaming speed is on the order
of mm/s compared to several orders of magnitude lower for incompressible particles
of comparable size [79]. Despite the name, cavitation microstreaming is not to be
mistaken for the fluid jet associated with imploding cavitation bubbles, i.e., inertial
cavitation.
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Because of the numerous modes of bubble oscillation that exist the geometry of
the streaming field will vary greatly. Figure 3.3 shows the streaming geometry as-
sociated with a hemispherical gas bubble undergoing spherical volume oscillations
resting on a solid boundary [80].

In practice, due to gas bubbles’ low stability it is common to use encapsulated
microbubbles, i.e., a gas core encapsulated by a polymer or lipid shell. However,
where cavitation microstreaming is not wanted, e.g., in ultrasonic manipulation of
cells (cf. Paper 1, 3, 5–7) it is common practice to minimize the effect by degassing
the fluid, i.e., removing the bubbles in the suspension liquid. This can be done
by rather simple means such as inducing inertial cavitation using a sonicator to
implode the bubbles, or extracting them using a vacuum pump, i.e., lowering the
static pressure to make the bubbles explode.

Figure 3.3: Cavitation microstreaming due to spherical volume oscillations of a gas
bubble resting on a solid boundary. Here the cross-section through the center of the
bubble is shown. Due to the hemi-spherical shape of the bubble only half of the typical
streaming pattern is formed [80].

3.2 Applications of acoustic streaming

In this section a few application examples of acoustic streaming will be given for
both micro (Sect. 3.2.1) and macro-scaled systems (Sect. 3.2.2). The main focus for
the micro-scaled systems is on the no-flow multi-well microplate (used in Paper 1–
6) and on the flow-through microfluidic chip used in Paper 7. For the macro-scaled
applications, the focus is on the kHz-ultrasound streaming presented in Paper 8
as well as an ongoing project where kHz-ultrasound is used to solubilize and lyse
clinical sputum samples for detection of bacteria associated with pneumonia.

3.2.1 Micro-scaled acoustic streaming
Micro-scaled acoustic streaming, i.e., outer boundary acoustic streaming, more of-
ten called Rayleigh streaming, in sub-millimeter devices may have a considerable
impact on the ultrasonic manipulation performance. Since, for small enough parti-
cles the drag force from the flow induced by the acoustic streaming will overcome
the acoustic radiation forces. This was shown by Spengler et al. [81], that for 1 µm
sized latex particles in a λ/2 resonator actuated at f = 3.2 MHz at an estimated
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acoustic pressure amplitude of 0.5 MPa the Rayleigh streaming dominated over
the lateral acoustic radiation force preventing acoustic trapping of the particles in
the pressure node of the standing wave field. Barnkob et al. [82] defined a critical
particle diameter, proportional to 1/

√
f , for which the acoustic radiation forces

and acoustic streaming forces were equal in magnitude, i.e., below this diameter it
is not possible to manipulate the particles using acoustic radiation forces. As an
example, it was calculated that for polystyrene particles in water (Φ = 0.17) at
f = 2 MHz the critical particle diameter was ≈ 1.4 µm [82]. However, this critical
limit on the smallest particle that can be manipulated (e.g., trapped in the pressure
node of a standing wave field) can be exceeded. Hammarström et al. [52] showed
that by trapping larger particles and then using them as seed particles, smaller
particles than the critical diameter could be trapped in the pressure node. More-
over, Spengler et al. [81] showed that 1 µm particles, due to the acoustic streaming
flow, would eventually agglomerate forming mini-aggregates. Thus, acting as larger
particles overcoming the induced drag force they could be trapped in the pressure
nodal planes by the acoustic radiation forces. Furthermore, another approach is to
increase the particle concentration until the interparticle distance (d in Eq. 2.10) is
small enough that the secondary radiation force, FSRF, will come into play thus fa-
cilitating the formation of aggregates with a larger effective volume relative to single
particles. On the other hand, while this enables manipulation of particles smaller
than the critical diameter it also interferes with the characterization of acoustic
streaming using for instance micro-particle-image velocimetry (see Chap. 4).

The speed of the induced outer boundary streaming flow vs and the primary
acoustic radiation force FPRF, ax (Eq. 2.9a) are both proportional to the applied
peak-to-peak voltage Vpp squared [6,24,83] of the piezo transducer, i.e., vs ∝ Eac ∝
V 2

pp and FPRF ∝ Eac ∝ V 2
pp, respectively (for more details about piezo transducers

see Chap. 5). However, when the dimensions of the resonator is on the order of or
smaller than the acoustic wavelength, the scaling of the acoustic streaming is not
proportional to the square of the applied frequency but rather scales exponentially
which was shown by Frampton et al. [84]. Consequently acoustic streaming, here
outer boundary streaming (Rayleigh), can be controlled either by changing the fre-
quency or the peak-to-peak voltage of the applied USW field.

Applications of micro-scaled acoustic streaming are plentiful. Research groups
have reported applications ranging from fluid mixing and stirring [85] to increased
capture at an immuno-senor surface [86, 87], to mention but a few. In this Thesis
we have used different types of micro-scaled resonators (see Fig. 3.4 and Fig. 3.5)
for ultrasonic manipulation of particles and cells. In all of these resonator-types
we have seen micro-scaled acoustic streaming, i.e., Rayleigh streaming. Figure 3.4a
shows the classical Rayleigh streaming pattern with the additional pair of stream-
ing vortices at both the inlet and outlet of the resonator. The average speed of the
streaming flow is on the order of 100 µm/s at acoustic pressure amplitudes close
to 1 MPa and frequency 2.5 MHz (for more details see Paper 7). The geometry of
the resonator in Paper 7 is designed in such a way that the manipulation function
is unaffected by the streaming flow. One could even argue that the additional pair
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of streaming vortices located at the inlet and outlet prevents the segregating effect
that the larger streaming rolls have on a trapped aggregate in the center of the res-
onator. In Paper 2 we presented acoustic streaming in a more complex resonator
geometry, implementing sharp edges to further increase the speed of the streaming
flow hence increasing the fluid mixing efficiency. The impact on the fluid mixing
performance by oscillating sharp edges has been shown to be substantial [88, 89].

Clearly, the geometry of the resonator can have a large impact on the acoustic
streaming and also on the manipulation performance. Indeed it is not an easy task
to decouple the acoustic streaming and the acoustic manipulation function (i.e.,
the acoustic radiation forces). However, by implementing FM ultrasound one can,
in some resonator designs, suppress the effect of acoustic streaming [76] which is
shown in Fig. 3.5. The method is based on the fact that for each single operat-
ing frequency of the device there exist a λ/2-scaled vortex with either clockwise
or counter-clockwise flow direction. Simply by sweeping the frequency within a
suitable bandwidth, the streaming is suppressed due to counteracting streaming di-
rections. However, the manipulation function is unaltered. Pulsed ultrasound [90]
has also been presented as a method for suppressing acoustic streaming without
impeding on the manipulation function.

a) b)

Figure 3.4: Visualization of micro-scaled acoustic streaming in two different types of
resonator cavity designs. The streaming vortices are determined from the several second-
long experimental image sequences acquired for each cavity design. The outer boundary
streaming (Rayleigh) vortices are indicated by the white circle-shaped arrows. a) Stream-
ing pattern in the flow-through resonator cavity used in Paper 7. b) Streaming pattern in
a cross-shaped no-flow multi-well microplate incorporating sharp edges. Both resonators
are designed for MHz-ultrasound actuation. The figure is adopted from Paper 2.

3.2.2 Macro-scaled acoustic streaming
Macro-scaled acoustic streaming is often associated with the mixing and stirring
of large fluid volumes (typically a volume > 1 ml). In this section, two devices
designed and fabricated for macro-scaled kHz-ultrasound acoustic streaming are
presented (see Fig. 3.6).

Figure 3.6a shows a generic version of the ultrasound-based device used in
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a) b)

Figure 3.5: Suppressing acoustic streaming using frequency-modulated ultrasound.
a) For each single operating frequency of the cavity, there exist a large λ/2-sized Rayleigh
streaming vortex with either a clockwise or an anti-clockwise direction indicated by the
white circle-shaped arrow (here showing only one such frequency in the clockwise direc-
tion). b) Using frequency-modulated actuation the acoustic streaming is suppressed by
counteracting single-frequency streaming directions. However, the manipulation function
is unaffected (indicated by the blue-colored particle aggregate in the center). The figure
is based on Paper 2 and on Ref. [76].

Paper 8, implemented for mixing of fluids, beads, and cells in disposable plastic
microfluidic chips as well as ultrasound-assisted cell lysis for DNA extraction. Al-
though the volume used in Paper 8 does not meet the requirements to be called
macro-scaled acoustic streaming (i.e., 20 µl < 1 ml), the device is compatible with
larger volumes as for the macro-scaled case. Figure 3.6b shows a ultrasound-based
device made for solubilization of clinical milliliter-volumed endotracheal aspirate
samples and lysis of pathogens for genomic DNA extraction. The average time
to complete solubilization using the device is 5 min compared to 15 min for the
most commonly used protocol by Sputolysin based on Dithiothreitol (DTT) as a
reducing agent. In contrast to the ultrasound-based device, the lysates obtained
from the Sputolysin protocol are not compatible for direct DNA extraction. In
addition, the average genomic DNA extraction yield using the device is about 50%
from bacteria-spiked clinical samples (data not shown, ongoing project) compared
to the control experiments where almost 100% extraction efficiency was reached for
bacteria-spiked PBS samples. The inverted ultrasound horn (cf. (6) in Fig. 3.6) is
designed to be compatible with 50 ml falcon® tubes. Both devices are based on
the same piezo-stack-transducer setup (cf. (3) in Fig. 3.6) used for creating high
acoustic pressure amplitude kHz-ultrasound. The power is rated at 100 W, thus
at least one order of magnitude higher than that for conventional MHz-ultrasound
transducers (cf., e.g., Paper 4).

In these types of devices where high amplitude kHz-ultrasound is implemented,
the dominating streaming flows are typically not due to outer boundary streaming
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(Rayleigh) [84] but rather due to Eckart and cavitation microstreaming or even
inertial cavitation [91], which strictly speaking is not a form of acoustic streaming.
However, both cavitation microstreaming and inertial cavitation have been shown
to play a role in sonoporation [92], i.e., the method in which the permeability of a
cell’s plasma membrane is modified to allow uptake of larger molecules using acous-
tic actuation. In fact, with high enough acoustic streaming amplitudes the shear
stress on the cell caused by the streaming flow will cause lysis [32]. Generally, the
probability of inertial cavitation to occur increases for lower frequencies and higher
acoustic pressure amplitudes [32]. In conclusion, macro-scaled acoustic streaming
is frequently used in research as well as in the industry to mix, stir and solubilize
samples of large volume. Additionally, more specialized applications such as sono-
poration and cell lysis exist. However, these applications can also be incorporated
in micro-scale devices, although it is more difficult.
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Figure 3.6: Examples of two devices for micro and macro-scaled acoustic streaming
(cross-sectional view). a) A stepped ultrasound horn made especially for acoustic mixing
and cell lysis in disposable plastic microfluidic chips, hence the small diameter of the horn
tip. (1) Screw to assemble the device. (2) Heat sink/end mass. (3) Piezoelectric ceramic
discs. (4) Electrodes. (5) Ultrasound horn. b) (6) An inverted ultrasound horn optimized
for large volume (∼10 ml) in 50 ml falcon® tubes. (7) Nut to assemble the device. A
modified version of the horn transducer in (a) is studied in Paper 8.





Chapter 4

Characterization of acoustic
radiation forces and acoustic
streaming

This chapter presents three different methods to quantitatively characterize acous-
tic radiation forces and acoustic streaming. Section 4.1 describes micro-particle-
image velocimetry (µPIV) which has been used to characterize acoustic streaming
in λ/2-sized resonators (Papers 2, 4, 5, 7). Section 4.2 describes particle motion
tracking which has been used to characterize particle paths as they migrate toward
the pressure nodal plane affected by acoustic radiation forces (Papers 4 and 7). Fur-
thermore, from the particle paths the acoustic energy density and acoustic pressure
amplitude have been approximated (Paper 4). Finally, in Sect. 4.3 a more exact
light-intensity based method is presented which is used in Paper 7 for calculating
the acoustic energy density in the resonator, thus also allowing approximation of
the acoustic pressure amplitude using one-dimensional theory (cf. Sect. 2.2.1).

4.1 Micro-particle-image velocimetry

Microfluidic devices typically have a size in the order of hundreds of micrometers.
Hence, this limited size does not permit direct measurements using, e.g., flow meters
or hydrophones. In fact, there are several indirect methods developed for fluid flow
characterization [93]. However, characterizing fluid flows, i.e., extracting the veloc-
ity information induced by acoustic streaming is most commonly done by micro-
particle-image velocimetry (µPIV) [82,94–99]. The acoustically induced streaming
flows are analyzed with suspended micrometer-sized particles called tracer particles,
affected by the acoustic streaming alone, i.e., the size of the particles is smaller than
the critical particle diameter (see Chap. 3 Sect. 3.2.1). This typically translates to
a particle diameter ≈ 1 µm for MHz-ultrasound in water.

The working principle of a typical µPIV system (cf. Paper 4) is based on the
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displacement of tracer particles between recorded microscope images. Each micro-
scope image (frame) is subdivided into smaller areas called interrogation areas, each
of which will be associated with its own displacement vector by means of statisti-
cal methods [100]. Generally, cross-correlation is the most implemented statistical
method. It is assumed that all tracer particles within one interrogation area have
moved homogeneously between frames. The local velocity vector (for each interro-
gation area) is calculated taking into account the time delay between frames and
the image magnification.

In particular, µPIV allows high spatial resolution measurement, but at relative
low temporal resolution for reasons discussed below. An informative overview of
µPIV and its implementation in acoustofluidics is given in a paper by Augustsson
et al. [96].

While µPIV may be a potent technique for characterizing acoustic streaming
in acoustofluidics, there are a couple of restrictions and limitations to the method.
First, the most apparent limitation is the imaging system (e.g., microscope). The
tracer particles have to be small enough to avoid being affected by the acoustic
radiation forces and more faithfully follow the acoustically induced fluid streaming
flows. Thus, the requirement of a good microscope system is crucial in order to
accurately detect the tracer particles. Two common illumination techniques imple-
mented in this Thesis are bright-light and fluorescence microscopy, both of which
can be used for µPIV. Furthermore, due to the small size of the tracer particles
(typically ≤ 1 µm) the objective, assuming a microscope is used, has to have a suit-
able magnification, depth of field and field of view in order to detect enough tracer
particles in the correct regions of interest. Generally, both depth of field and field
of view scales inversely with the magnification meaning that in most applications a
compromise has to be found. For example, a restriction that might occur is when a
large field of view is required, e.g., when an entire resonator cavity (length scale of
hundreds of micrometers) is to be imaged at once, the depth of field will be in the
order of several micrometers due to the relative small numerical aperture associated
with low magnification objectives. Thus, tracer particles following different stream-
ing flows may end up in the same image due to the large depth of field (cf. Paper
7) resulting in erroneous results. In order to improve on the resolution, Muller et
al. [101] presented a three-dimensional µPIV method utilizing astigmatism, thus
improving spatial resolution in the depth direction preventing problems associated
with overlapping streaming flows. Secondly, the detector (e.g., a camera attached
to a microscope) has to be fast enough compared to the speed of the fluid flows
to accurately capture the flow without introducing artifacts such as aliasing and
motion blur. Furthermore, high-speed detectors with their short exposure times
require sufficiently strong illumination which further limits the technique. Thirdly,
the concentration of the tracer particles is essential for acquiring an accurate µPIV
result. The concentration is, however, limited by the acoustic field (cf. Chap. 3
Sect. 3.2.1). A too high concentration can induce agglomeration of tracer particles
causing them to be trapped, and a too low concentration will result in insufficient
information. Consequently, it is not a trivial task to find the right concentration of
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tracer particles that allows for exact flow tracking and at the same time contributes
with enough information to end up with an accurate µPIV result (cf. Paper 4 and
7). In addition, the spatial resolution of the technique is dependent on the size of
the interrogation areas which must be small enough not to have significant influence
on the results. On the other hand, choosing too small interrogation areas in rela-
tion to the tracer particle concentration can result in inconclusive cross-correlation
results failing to resolve the velocity field. Moreover, if high-speed fluid flows are to
be characterized using a detector with low temporal resolution (i.e., low frame rate)
the size of the interrogation areas has to be increased accordingly, thus lowering
the overall spatial resolution of the velocity vector field.

There are several software packages available for micro-particle-image velocime-
try. In this Thesis a free µPIV toolbox for MATLAB was utilized [102]. Figure 4.1
shows two µPIV velocity vector plots from analyzing Fig. 3.5 using the free µPIV
toolbox. The lack of information in the center of each vector plot is the result of
non-moving tracer particles. As a consequence of the larger non-fluorescent par-
ticles trapped in the centralized pressure nodes, which restrict the tracer particle
movement (for details see Ref. [76]). Nonetheless, µPIV is a versatile and potent
technique able to quantitatively characterize fluid flows using tracer particles. How-
ever, properly selecting the mentioned parameters may prove to be challenging.
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Figure 4.1: Acoustic streaming in one well in the MHz-ultrasound actuated multi-well
microplate, characterized by micro-particle-image velocimetry. As tracer particles, 1 µm
fluorescent polystyrene beads were used. A visualization of the streaming field can be seen
in Fig. 3.5. a) Single-frequency actuation produces an acoustic streaming field which is,
on average, a factor of 30 faster than the corresponding streaming field produced with b)
frequency-modulated actuation. As can be seen, micro-particle-image velocimetry results
in a detailed quantitative velocity vector map over the acoustic streaming field.
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4.2 Particle motion tracking

Characterizing acoustic radiation forces by particle motion tracking is a well proven
method [96,103]. Similar to µPIV, particle motion tracking also incorporates tracker
particles. On the other hand, particle motion tracking do not rely on statistical
methods but rather on the individual tracking of single tracker particles. Obvi-
ously, this limits the number of particles that can be tracked in practice, since for
the most part particle motion tracking is implemented manually. In this Thesis
(Paper 4 and 7) particle motion tracking has been implemented manually using the
free video analysis tool Tracker 4.87 [104].

Individual particle paths are calculated by manually marking tracker particles,
in the software, for each frame of the recorded video taking into account the dis-
placement and time delay between frames as well as the image magnification. Fig-
ure 4.2 shows particle motion tracking of 13 individual tracker particles. Despite
it being a rather simple example of particle motion tracking, over 800 different
positions had to be manually marked. Obviously, this limits the usefulness of the
method. On the other hand, using an automatic particle detection and tracking
software the usefulness of the method can be significantly improved. However, the
image quality of the recorded images (cf. Fig. 4.2) are not always of high quality so
they can be used with automatic software, thus manual particle motion tracking is
required. Nevertheless, particle motion tracking can be used to characterize both
acoustic streaming as well as acoustic radiation forces.

Once the particle paths have been calculated the acoustic radiation force, i.e.,
the axial component of the primary acoustic radiation force, FPRF, ax, (Eq. 2.9a)
can be approximated by balancing it with the Stokes’ drag force. Because of the
low Reynolds number (i.e., the ratio of inertial forces to viscous forces), the motion
of the particle will be dominated by viscous drag (assuming a spherical particle):

FPRF,ax = Fdrag = 6πaη0vp(x)êx. (4.1)

Here a is the particle radius, η0 the dynamic viscosity of the suspension fluid,
and vp the velocity of the particle. Any inertial effects are neglected since viscous
forces dominates for slowly moving micrometer-sized particles [24]. Furthermore,
by expanding Eq. 2.9a using Eq. 4.1 we get:

vp(x) = 2πΦka2Eac

3πη0
sin(2kx), (4.2a)

vmax
p = 2πΦka2Eac

3πη0
. (4.2b)

Consequently, both the maximum acoustic energy density Emax
ax and the maximum

acoustic pressure amplitude pmax
0 can be calculated by combining Eq. 2.9c and

Eq. 4.2b:

Emax
ax =

3πη0v
max
p

2Φka2 Φ = (pmax
0 )2

4ρ0c2
0
. (4.3)
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Figure 4.2: Particle motion tracking of 13 individual 10 µm polystyrene tracker particles
as they are being affected by acoustic radiation forces in one well of the concave-shaped
multi-well microplate. The particle paths are manually marked for each frame and are
here visualized by the differently colored circles. The background in the well is red due to
red fluorescent 1 µm tracker particles used in combination with the larger 10 µm particles
to enable simultaneous µPIV measurements (cf Fig. 4.1). The figure is adopted from
Paper 4.

4.3 Light-intensity method

Unlike particle motion tracking, the acoustic energy density and the acoustic pres-
sure amplitude can be measured and calculated using a rapid method not based
on individual particle paths but rather on all tracker particles within the region
of interest, e.g., in the resonator. Clearly, this is not limited by the cumbersome
tracking of individual tracker particles.

Most of the parameters in Eq. 2.9a, the one-dimensional case of the primary
acoustic radiation force, can be estimated from various table values or approxi-
mated from theoretical calculations. On the contrary, the acoustic energy density
Eac is not so easy to estimate since it depends on the acoustophoretic system at
hand. However, the applied voltage to the piezoelectric transducer (cf. Chap. 5)
can easily be measured and the theoretical output of the transducer can be cal-
culated. Still, the acoustical coupling efficiency between the transducer and the
resonator is in most cases very problematic to estimate. Hence, the energy density
in the resonator is unknown or at best an uncertain value is approximated. However,
the energy density can be measured by a rather simple method, the light-intensity
method, developed in our group in collaboration with Rune Barnkob and Henrik
Bruus [40]. Figure 4.3 shows the light-intensity method as it has been implemented
in Paper 7. The beauty of the method is its straightforward implementation. First,
the size of the tracker particles should be large enough to exclusively permit the
acoustic radiation forces to influence the motion of the particles, thus neglecting
acoustic streaming influences. Second, the concentration of the tracker particles
should be low enough (less than 109 particles/ml) to maintain single-particle be-
havior, i.e., the interparticle distance (cf. d in Eq. 2.10) should be large enough
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to avoid particle-particle interactions, which permits the secondary acoustic radia-
tion force to be neglected. Images are then recorded using an ordinary bright-light
microscope as the tracker particles move toward the pressure nodal plane affected
solely by the lateral component of the primary acoustic radiation force FPRF, lat.
Importantly, the pressure nodal plane should fall in the center of the field of view
(cf. Fig. 4.3a-d) for the method to work optimally. Finally, the acoustic energy
density is calculated by fitting the recorded images to the light-intensity model (cf.
Fig. 4.3e) taking into account the time delay between frames (recorded images) and
the magnification (i.e., the image scale).

Generally, the light-intensity method is based on the change in light intensity
as tracker particles move toward the pressure nodal plane in the resonator. The
central region where the pressure nodal plane is located is excluded because the
method assumes single-particle acoustophoresis. As particles move toward and into
the excluded center region the light-intensity increases correspondingly. By fitting
the measured light intensity versus time to the model the acoustic energy density
can be calculated. The model assumes the one-dimensional case of the primary
acoustic radiation force (cf. Eq. 2.9a) and balancing with the Stokes’ drag force
(cf. Eq. 4.1). From this a characteristic time scale is derived, which is inversely
proportional to the acoustic energy density. Interested readers are referred to the
article by Barnkob et al. [40] further describing the method in more detail.

The acoustic energy density can also be measured using µPIV as was done by
Augustsson et al. [96]. On the other hand, the µPIV technique places greater de-
mands on the user and on the imaging system than the light-intensity method does.
Yet, the temporal resolution of the sensor (e.g., a camera) must be high enough to be
able to capture the motion of the tracer particles as they move toward the pressure
node, since too few captured images will produce erroneous results. Nevertheless,
the light-intensity method is better suited as a simple, rapid and inexpensive in-situ
technique for acoustic energy density measurement (cf. Paper 7).
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Figure 4.3: Illustration of the light-intensity method for acoustic energy density mea-
surements. The motion of the primary acoustic radiation force driven 5 µm polyamide
beads are recorded (a-d). e) The motion is translated into acoustic energy density accord-
ing to our light-intensity model [40]. The energy density for this experiment was measured
to be 109 J/m3 corresponding to an acoustic pressure amplitude of 1 MPa (using Eq. 4.3).





Chapter 5

Device design for ultrasonic
manipulation

An important part of this Thesis has been device design, which is a key engineer-
ing challenge in order to accomplish efficient acoustic devices for ultrasonic fluid,
particle, and cell manipulation. This chapter will give an application oriented view
on the different considerations that need to be taken into account when designing
an ultrasonic manipulation device, especially for half-wavelength resonators which
is the most common resonator type. Two categories of vastly different resonator
designs will be presented, the layered resonators (Sect. 5.1.1) and the resonator
cavity (Sect. 5.1.2). Section 5.2 presents an experience-based take on piezoelectric
transducer design and how it could be implemented. In Sect. 5.3 the multi-well
microplate resonator used in Papers 1–6 and the ring-shaped transducer used in
Papers 4–6 are described along with the design considerations that had to be made.
Lastly, temperature control of ultrasonic manipulation systems is described in Sect.
5.4 which was implemented in Papers 6–8.

5.1 Resonator design

When designing ultrasonic resonators the first consideration that needs to be taken
into account is the size range of the particles (or cells) that are to be manipulated,
as smaller particles require higher operating frequencies to attain the same acoustic
radiation forces as for larger particles. Generally, 1–10 MHz-ultrasound is suitable
for manipulation of 1–20 µm particles. Moreover, the desired number of pressure
nodes determines if the resonator should be driven at its fundamental frequency
(i.e., resulting in a single pressure node) or at higher frequencies (multiple pressure
nodes). Consequently, the operating frequency determines the dimensions of the
resonator. As an example, for a λ/2 resonator with a single pressure node in the
center the resulting resonator dimensions are 750–75 µm for 1–10 MHz operating
frequencies in water at room temperature.
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High acoustic energy transmission from the piezoelectric transducer all the way
to the fluid, i.e., where the manipulation is taking place, is essential to achieve
maximum efficiency of the device.

In fact, there are a couple of quantities that are useful when designing a res-
onator, such as the characteristic acoustic impedance (often referred to as just
acoustic impedance). The acoustic impedance Z is defined as the product of the
density ρ and the speed of sound c of the material in which the sound wave propa-
gates:

Z = ρc. (5.1)

For a plane sound wave normally incident on a planar boundary between two layers,
layer 1 and layer 2, with different characteristic acoustic impedances, Z1 and Z2,
the pressure reflection coefficient R is defined as:

R = Z2 − Z1

Z1 + Z2
. (5.2)

Here, layer 2 is assumed to be of infinite thickness. However, in more realistic
scenarios the thickness is finite, and the pressure reflection coefficient for the layers
take the form [105]:

R = (1− Z1/Z3) cos(k2L2) + i(Z2/Z3 − Z1/Z3) sin(k2L2)
(1 + Z1/Z3) cos(k2L2) + i(Z2/Z3 + Z1/Z3) sin(k2L2) , (5.3)

whereR now is the complex pressure reflection coefficient, Z3 the acoustic impedance
of layer 3, i.e., the layer behind layer 2, and L2 the finite thickness of layer 2. The
appearance of Eq. 5.3 is a result of the interactions between the reflected and the
transmitted sound waves from each boundary between the three layers. Conse-
quently, the pressure transmission coefficient can be written as:

T = 1−R. (5.4)

Another useful fact for deciding the acoustic impedance of layer 2, in the above
equations, for optimal acoustic energy transmission is the following relationship
between the acoustic impedances:

Z2 =
√
Z1Z3 (5.5)

Generally, layer 2 should have an acoustic impedance between that of layer 1 and
layer 3 for optimal acoustic energy transmission.

5.1.1 Layered resonators
A classical way of designing resonators for ultrasonic manipulation comprises, among
other things, a fluid-filled compartment where one wall incorporates a piezoelectric
layer (i.e., transducer) and the opposing wall serves as a passive reflector to main-
tain a strongly resonant system. This one-dimensional scheme is commonly referred
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to as a layered resonator [106]. Figure 5.1 illustrates the different layers in a typical
layered resonator design. The layered resonator is a quite complicated design as the
different layers need to have precise thicknesses in order to achieve a resonator with
high quality factor (Q-factor or Q-value depending on literature) [107, 108], thus
minimizing the acoustic energy loses and maximizing the acoustic pressure ampli-
tude in the resonator [109]. An advantage with the layered resonator design is that
it allows for materials often not considered as good resonator materials because of
their high acoustic attenuation, e.g., polymers. For example, when the air-backed
reflector in Fig. 5.1 has a layer thickness corresponding to an odd multiple of λ/4
the complex pressure reflection coefficient R is close to 1, which means that 100%
of the acoustic energy is reflected back, independently on the reflector material
(neglecting acoustic absorption) as a consequence of the low acoustic impedance of
air (cf. Eq. 5.3). In addition, because of the less dense air the reflected sound wave
undergoes a phase shift resulting in a pressure node in the center of the fluid layer
and pressure anti-nodes at the borders. As a consequence, the fluid layer should
be chosen as a multiple of λ/2 to achieve centralized pressure nodes in the fluid
layer. Similarly to the reflector layer, the matching layer (also called carrier layer
depending on the literature) used in applications where a direct contact with the
fluid layer is unsuitable should have a thickness equal to an odd multiple of λ/4
and when the acoustic impedance has been matched using Eq. 5.5 the pressure
transmission coefficient T is close to 1, which means that 100% of the acoustic en-
ergy is transmitted. Next, the coupling layer between the matching layer and the
piezoelectric layer should have a thickness which is small compared to the wave-
length in the material in order to maximize acoustic energy transmission. Last,
the piezoelectric layer should have a thickness corresponding to λ/2 in the material
to be driven at the thickness-mode resonance frequency hence producing a strong
electromechanical coupling [107] maximizing the displacement amplitude. In con-
trast to the λ/2 resonator, a λ/4 resonator (i.e., the fluid layer has a thickness of
λ/4) is characterized by a resonant reflector layer which is designed to bring parti-
cles toward the fluid and reflector layer interface [110]. In addition, Glynne-Jones
et al. [111] presented a 2010 resonator design capable of electronically positioning
particles at an arbitrary point between the half and quarter-wave nodes, so called
mode-switching. Generally, the design of a λ/4 layered resonator is significantly
more complex compared to a λ/2 layered resonator as effectively two resonances
have to be tuned [109] compared to just one for the latter. Furthermore, a third
design to the λ/2 and the λ/4 resonator is the thin-reflector design presented by
Glynne-Jones et al. [112]. This thin-reflector (and thin-fluid � λ) design show
promise since the design is efficient with lossy reflector materials such as polymers,
producing a more uniform acoustic radiation force at the reflector, and is less sen-
sitive to geometric variations than the λ/4 resonator design.

The tools presented here (Eqs. 5.1–5.5) are limited to one-dimensional plane
sound waves, i.e., they disregard lateral resonances, and take only into account the
acoustic impedance of the different layers. To further improve the one-dimensional
tools for resonator design, Hill et al. [113] and Gröschl et al. [33, 114] presented



38 CHAPTER 5. DEVICE DESIGN FOR ULTRASONIC MANIPULATION

(2n+1)λ/4 nλ/2 (2n+1)λ/4

P

C

M

F

R AirAir

Figure 5.1: An example of a typical layered resonator consisting of an air-backed piezo-
electric layer (P), a thin coupling layer (C) (e.g., epoxy adhesive), a matching layer (M), a
fluid layer (F), and a passive air-backed reflector layer (R). The thicknesses of the different
layers should match a specific wavelength criterion, stated above each layer, for optimal
acoustic energy transmission and reflection.

models incorporating both electrical and acoustical properties of the different lay-
ers improving upon the validity of the tools.

5.1.2 Resonator cavities

A less complicated resonator design is the resonator cavity (also called bulk res-
onators depending on the literature) due to its lack of matched layers. The de-
sign relies on resonances built up in the cavity based on its 2D or 3D geometry.
Here the transducer design and location (cf. (P) in Fig. 5.1) is not crucial. Fur-
thermore, the thicknesses of the different layers, apart from the fluid cavity, are
not as important as for a layered resonator. Instead the difference in acoustic
impedance between the fluid cavity and bulk layer (see Fig. 5.2) is crucial. One of
the most common material choices is to make the bulk layer from silicon (cf. Paper
1-7). Silicon enables precise structures to be made using well established etch-
ing techniques [115]. Importantly, silicon has relatively high acoustic impedance
(Z = 19.8× 106 kgm−2s−1 [106]) compared to the fluid cavity most commonly
compromised by water (Z = 1.49× 106 kgm−2s−1, 25℃) making the acoustic en-
ergy losses small (R = 0.86, cf. Eq. 5.2). Consequently, bulk materials with high
acoustic impedance are essential for maximizing the acoustic energy transfer hence
polymer materials are not suitable for resonator cavities.

Generally, it can be seen as the entire resonator cavity resonates as one body.
Therefore, permitting the piezoelectric layer (i.e., transducer, cf. (P) in Fig. 5.2) to
be placed somewhat arbitrarily (cf. Paper 1 and 6). Furthermore, using an anodic
bond process it is possible to implement glass layers (e.g., Pyrex) which provides
good visual access to the fluid cavity, see Fig. 5.2b. Due to the strong bond be-
tween the glass and silicon layers along with the similar acoustic impedances the



5.2. TRANSDUCER DESIGN 39

nλ
2/

2

nλ1/2

C

R

P

B

F

a) nλ1/2

C

R

P

FB-Si B-Si

B-Glass

B-Glass

nλ
2/

2

b)

Figure 5.2: a) A typical example of a resonator cavity (bulk resonator) consisting of a
piezoelectric layer (P), a thin coupling layer (C), and a bulk layer (B) with a fluid cavity
(F). b) A special case of a resonator cavity where the bulk layer is comprised of a glass
bulk layer (B-Glass) and a silicon bulk layer (B-Si). Here, the fluid cavity (F) matches
two wavelength criteria enabling both trapping and levitation of the suspended particles
or cells when simultaneously actuated by the two frequencies f1 = c/λ1 and f2 = c/λ2
matching multiples of half the wavelength in either direction. Importantly, the bulk layer
(B) should have an acoustic impedance much greater than that of the fluid cavity (F) to
minimize acoustic energy losses thus maximizing the acoustic energy density in the fluid
cavity generating stronger acoustic radiation forces.

different glass and silicon layers will resonate as one body. Similarly to the layered
resonator, the piezoelectric layer in the resonator cavity design should be driven
at thickness-mode resonance to maximize the electromechanical coupling thus in-
creasing the acoustic energy delivered to the fluid cavity.

Nevertheless, the resonator cavity is a simple design with less strict demands
on precise thicknesses of the different layers as well as the benefit of flexible piezo-
electric layer (i.e., transducer) placement. The design is easy to scale up as it is
fabricated using standard photolithography and etching techniques. For example,
an array of cavities can be created such as in the multi-well microplate used in
this Thesis (Sect. 5.3). However, a disadvantage with the design is the low en-
ergy efficiency, i.e., more acoustic energy is lost due to inferior acoustic impedance
matching between layers compared to the layered resonator design. Another dis-
advantage is complicated behavior predictions, especially in the case of an array of
cavities, as the entire resonator can support many modes that might interfere with
each other [106].

5.2 Transducer design

Piezoelectric materials have been used extensively from the very beginning in trans-
ducers for ultrasonic particle and cell manipulation. In fact, it is the piezoelectric
materials’ property to convert electrical signals into mechanical motions and vice
versa that has been exploited. The most widely used piezoelectric material is lead
zirconate titanate (PZT). PZT ceramics have a high electromechanical coupling
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factor (i.e., the conversion efficiency from electrical signal into mechanical motions
is high) which is preferable for devices designed for ultrasonic manipulation. Most
transducers are driven in what is called thickness-mode resonance which corre-
sponds to a frequency having a wavelength of twice the thickness in the piezoelec-
tric layer material.

The coupling layer (cf. (C) in Fig. 5.2) between the transducer (i.e., piezoelec-
tric layer) and the rest of the resonator is vital for efficient acoustic energy transfer.
In fact, the coupling layer should be thin compared to the wavelength of the sound
in the material [109]. Furthermore, the coupling layer should be well bonded mean-
ing no air voids exist between transducer and resonator as any air voids would act
as perfect reflectors of the sound due to the very low acoustic impedance of air
(i.e., Eq. 5.2 is close to 1). In addition to these general recommendations, a more
comprehensive study on the effects of the coupling layer has been done by Hill et
al. [113].

In most cases, the coupling layer between the transducer and the resonator con-
sist of a thin layer of adhesive (e.g., epoxy) resulting in a permanent bond. While a
permanent solution may provide better coupling resulting in better acoustic energy
transfer, it prevents decoupling of the transducer. However, there are several bene-
fits with a decouplable transducer. For example, the benefit of using one transducer
for several resonator designs or the benefit of being able to clean, as solvents may
harm the transducer if not protected (e.g., decoupled). Consequently, in situations
where a permanent bond is not preferable hydrogels, glycerol, oils (cf. Paper 4–7)
or soluble adhesives (cf. Paper 1 and 3) are recommended as the bond is temporary.
Because the temporary bond is viscous (in the case of hydrogels, glycerol or oils),
the resonator has to be forced in contact with the transducer to ensure efficient
coupling of the acoustic energy. Generally, this can be done with various types of
clamps often consisting of a manifold of some sort and springs (cf. Paper 4–7).
Despite being laborious and tedious, permanent adhesives such as cyanoacrylate
can, however, be dissolved (softened) in acetone and allow for decoupling of the
transducer.

Lilliehorn et al. [37] presented a resonator design where the transducer was in-
tegrated as one of the fluid cavity’s walls (cf. (F) in Fig. 5.2). The benefit with
such a design is the complete lack of coupling layer, recall the undesired effects
a coupling layer can introduce if not perfectly implemented. On the other hand,
with the piezoelectric layer in direct contact with the fluid, near-field pressure vari-
ations due to lateral vibrations modes in the small piezoelectric layer becomes more
prominent. Nonetheless, this can be exploited since the lateral component of the
primary acoustic radiation force FPRF, lat is proportional to the velocity gradient
of the sound field (see Chap. 2 Sect. 2.2.1). Thus, the induced variations of the
sound field due to near-field effects can be used to generate strong trapping forces.

Transducer placement is particularly important for layered resonators (Sect.
5.1.1) in which the transducer is placed in line with the fluid layer and the reflec-
tor layer. On the contrary, for resonator cavities (Sect. 5.1.2) the location of the
transducer is not vital as the design resonates as one body. This was shown by
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Iranmanesh et al. [43] which used a tunable-angle wedge transducer on a resonator
cavity design to study the impact on ultrasonic manipulation performance. It was
shown, especially for FM actuation, that for all angles of the transducer there was
resonance and particles could be manipulated. However, the acoustic energy den-
sity in the fluid cavity within the resonator displayed a slight angle dependence.
Clearly, the resonator cavity design permits nearly free placement of the transducer
with essentially maintained manipulation performance. This advantage was used
in Paper 4 to fabricate a ring-shaped transducer (see Sect. 5.3) allowing optical
access to the fluid cavity for high-resolution transillumination imaging, i.e., light
passes through the device.

Generally, air-backed ultrasonic transducers have a limited frequency bandwidth
at which they perform optimally. This expresses itself in a high Q-value (a narrow
resonance peak). However, in some applications a larger bandwidth is suitable (cf.
Paper 4). By adding a backing layer (e.g., tungsten-filled epoxy) to the transducer
or by any other means dampening the transducer (e.g., restricting the motion by
clamping) the bandwidth of the transducer increases but at the expense of a high
Q-value [116]. Furthermore, transducers working off-resonance display low elec-
tromechanical coupling resulting in reduced displacement amplitude, hence lower
overall manipulation performance. Obviously, low Q-value transducers with larger
bandwidths result in lower manipulation performance at the resonance peak com-
pared to high Q-value narrow-bandwidth transducers for the same applied actuation
voltage. On the other hand, if the actuation voltage is allowed to be increased (see
Sect. 5.4 temperature control) the low efficiency of the low Q-value transducers
can be counteracted. Consequently, voltage-corrected temperature-controlled low
Q-value transducers with their large bandwidths are more versatile than the high
Q-value transducer since they can be used for resonator designs with different reso-
nance frequencies. Nonetheless, in addition to the planar transducer presented here
there also exist transducers of more complex design such as the focused transducer
[57,69,70,117,118] which generates large acoustic gradients producing strong trap-
ping forces.

Despite having the resonance frequency of the transducer determined by the
thickness of its piezoelectric layer, interference from lateral modes within the layer
will always occur thus broadening the resonance peak. Hammarström et al. [119]
presented a kerfed transducer design (i.e., with grooves cut along the piezoelectric
layer) used for suppressing the lateral modes resulting in a transducer with a high
Q-value and well defined resonance frequency.

When characterizing ultrasonic transducers (determining, e.g., Q-value, reso-
nance frequency, bandwidth etc.) it is convenient to measure the electrical impedance
or admittance as can be seen in Fig. 5.3a. However, when such a spectrum is not
available the resonance frequency of the transducer can be estimated by measuring
the temperature of the transducer as a function of frequency and locating the max-
imum. This is shown in Fig. 5.3b. A third alternative to estimate the resonance
frequency of the transducer is to use the peak-to-peak voltage-spectrum generated
by sweeping the frequency and simultaneously recording the voltage on an oscillo-
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scope. The resonance frequency of the transducer can be found at the location of
minimum peak-to-peak voltage, see Fig. 5.3c. For the transducer design used in
Fig. 5.3 the difference between the resonance frequency acquired with the electrical
admittance method, and the temperature method is 0.6% and 0.3% for the voltage
method. Despite that the accuracy of the temperature method depends strongly on
the transducer design, it can be helpful when equipment for electrical admittance
measurements is unavailable.
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Figure 5.3: Three different ways to find the resonance frequency of a piezoelectric trans-
ducer. a) Admittance measured with an impedance analyzer. b) Temperature measured
on the surface of the transducer as a function of frequency. c) Peak-to-peak voltage mea-
sured with an oscilloscope. Here the thicknesses of the individual curves represent the
standard deviations for the three repetitions, i.e., smaller standard deviation results in a
thinner curve.

For devices incorporating resonator cavities it is not unusual to design the res-
onator cavity and the transducer separately. In doing so it is highly important to
match the two resonance frequencies to achieve an efficient device. However, the
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complex interplay between the resonances is strongly influenced by damping (cf.
coupling layer) and to avoid a mismatch between the resonances once the trans-
ducer and resonator is combined, one should design the two with a slight difference
in resonance frequency, as this will produce a more stable and robust device [113].

Heat is generated by mechanical and electrical damping in the piezoelectrical
material. Piezoelectric materials lose their polarization, i.e., the ability to convert
electrical signals into mechanical motion and vice versa, when heated above their
Curie temperature [120]. However, typical Curie temperatures for the hard PZT
piezoelectric materials commonly used for transducers in ultrasonic manipulation
applications are around 300℃. Therefore, depolarization due to heating generated
by continuous actuation is a minor problem. However, special care must be taken
when soldering so as not to heat the piezoelectric material over its Curie tempera-
ture. Thus, a solder with a melting temperature less than the Curie temperature
must be used.

Electrical impedance matching, i.e., matching the electrical input impedance of
the transducer with the output impedance of the signal source is important for en-
suring sufficient power transfer. In contrast to determine the electrical impedance
by measurement (cf. Fig. 5.3a) post-production, it is not a trivial task estimat-
ing the impedance pre-production. However, there are equivalent electrical circuit
models which can be used for planar piezoelectric transducers [109]. Although
these models produce valuable results important in designing transducers for layer
resonator devices, the may fall short analyzing transducers designed for resonator
cavities due to their more complex design and non-planar nature (cf. Paper 4).
Nonetheless, it is not uncommon to have a system where the input impedance of
the transducer is much lower than that of the signal source. For simplicity, assume
the impedances are purely resistive (no frequency dependence). Typically, the
signal source, e.g., signal generator and RF amplifier, has an output impedance
of Rsource = 50 Ω. In the context of this example, set the input impedance
of the transducer to Rtransducer = 10 Ω. Next, using the relationship between
the source impedance Rsource and the transducer impedance Rtransducer we get
Vtransducer = Vsource · Rtransducer

Rtransducer+Rsource
, where Vsource is the voltage produced by

the source and Vtransducer is the voltage at the transducer. Inserting the source
and transducer impedances we end up with Vtransducer = Vsource · 1

6 . Hence, if a
transducer with an input impedance of 10 Ω is used with a signal generator with
an output impedance of 50 Ω only 17% of the output voltage can be used. Further-
more, the cables used to connect the transducer to the signal source could have a
noticeable effect on the power transfer as they influence the electrical impedance.
As a consequence of impedance mismatching, it is not preferable to characterize
the transducer by the applied source voltage. Instead, measuring the net power
(i.e., the difference between transmitted power and reflected power) is preferred
(cf. Paper 4). An even better approach is to characterize the entire system using
the acoustic energy density or acoustic pressure amplitude, cf. Paper 7.
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5.3 The multi-well device

The multi-well device was first characterized in Paper 4 and later equipped with
temperature-control (Sect. 5.4) and implemented in a cell incubator in Paper 6 for
the formation of solid cancer tumors (Chap. 6). The device consists of the glass
silicon layered multi-well microplate incorporating an array of 100 resonator cavi-
ties (i.e., wells) etched in the center of the silicon layer (first presented in Paper 1
for synchronized aggregation of cells and in Paper 3 for ultrasound-assisted cell-cell
interaction studies) and the ring-shaped transducer facilitating optical access (first
described in Paper 4). The microplate is especially optimized for live cell imag-
ing with its coverslip thin (175 µm) bottom glass layer and for two-dimensional
ultrasonic manipulation of cells, i.e., forcing the cells into the center of each well.
Moreover, to prevent evaporation of the fluid inside the wells the microplate is fit-
ted with a plasma-activation bonded PDMS frame around the wells and a coverslip
functioning as a lid. The PDMS frame acts as a reservoir for cell culture media
located directly over the wells supplying nutrients to the cells located at the bot-
tom of each well. Since PDMS is permeable to gas it is possible to keep the 5%
CO2 gas concentration required for high cell viability. The microplate measures
22 × 22 mm2, the wells are 300 µm deep and 300–350 µm wide depending on the
design (cf. Paper 1 and 4). Figure 5.4 shows the multi-well device with its main
features numbered. An insert shows the multi-well microplate. In Paper 1 the
multi-well microplate was actuated employing a wedge-shaped transducer design.
This transducer was coupled to the microplate using a water-soluble adhesive as
coupling layer requiring low-humidity operating environments. In addition, the
transducer was not designed for high energetic actuation. As a consequence, the
ring-shaped transducer was developed. Similarly to the wedge-shaped transducer,
the ring-shaped transducer incorporates a temporary coupling layer except not a
soluble adhesive but instead a viscous oil layer improving upon the flexibility of
rapid reconfiguration. To facilitate and maintain sufficient long term coupling ef-
ficiency between the microplate and the transducer the design is equipped with
a manifold and springs as a clamping mechanism (cf. (3, 4) in Fig. 5.4a). As a
result, the ring-shaped transducer is compatible with humid environments (e.g.,
a cell incubator), especially since the solder joints are protected with a layer of
epoxy to prevent corrosion (cf. (2) in Fig. 5.4a). Furthermore, due to the design of
the piezoelectric layer (e.g., larger contact area) substantially more acoustic energy
can be delivered to the microplate. A consequence and benefit of the ring-shaped
transducer design, is its low Q-value characteristics due to the dampening of the
piezoelectric layer around its perimeter where it is mounted in the aluminum holder
(cf. (6) in Fig. 5.4a). Moreover, the design was optimized to be robust and easy to
use since the wedge-transducer design was very unforgiving to any imperfections in
the soluble adhesive coupling layer.

In conclusion, the multi-well device, especially the ring-shaped transducer de-
sign, has led to big improvements in terms of ultrasonic manipulation performance
and flexibility with its oil coupling layer compared to the wedge-shaped transducer
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design. However, compatibility with high-resolution oil-immersion microscope ob-
jectives was not retained as the multi-well microplate is actuated from below and
the working distance of those types of objectives is much shorter than the thick-
ness of the piezoelectric layer. Although an improved ring-shaped design was made
specifically for oil-immersion objectives but has not yet been fully evaluated, the
author strongly believes that the compatibility with oil immersion objectives could
be retained without compromising the manipulation performance.
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Figure 5.4: The multi-well device consisting of: a) the ring-shaped transducer and b)
the multi-well microplate (an array of 100 resonator cavities). The main features of the
ring-shaped transducer are: (1) Signal source input to the piezoelectric layer, (2) epoxy
protection of solder joints to prevent corrosion in humid environments, (3) Springs and
nuts and (4) manifold clamping down the (b) multi-well microplate to ensure sufficient
contact with the (5) ring-shaped piezoelectric layer (OD 38.3 mm, ID 8 mm, thickness
0.86 mm) mounted in a (6) aluminum holder.

5.4 Temperature control

The primary source of heating in any piezoelectric transducer-based ultrasonic ma-
nipulation system is electromechanical losses in the transducer. Other contributing
sources are acoustic losses in the different layers of the resonator such as the cou-
pling layer. These losses are especially important if polymer materials or adhesives
have been used since they are highly acoustically absorbing. In fact, temperature
plays a crucial role since all material properties are functions of temperature and
the efficiency of the system will change accordingly. For instance, if the temper-
ature of water increases from 20℃ to 30℃ the resonance frequency will change
with almost 2%. This is even more important if transducers with high Q-values
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are used since a 2% drift in resonance frequency can result in unwanted losses of
ultrasonic manipulation performance due to low off-resonance electromechanical
coupling efficiency. Furthermore, Augustsson et al. [83] found that a change of 5℃
in temperature caused a reduction of almost 50% in acoustophoretic velocity ampli-
tude thus greatly impacting the manipulation performance. Therefore, it is crucial
to avoid temperature changes during operation in order to maintain a stable and
predictable system. For instance, an important temperature effect is the one in the
coupling layer (cf. (C) in Fig. 5.1). As the damping in the coupling layer changes
with temperature, it can drastically decrease the efficiency of the system. There-
fore, temperature control is vital to be able to maintain a stable and predictable
system over extended periods of time.

In aspects of device design, there are several passive ways to reduce the impact of
the heat generated by the transducer. One such approach is to utilize the coupling
layer as a heat sink. This was shown by Lenshof et al. [106] who used a block of
aluminum between the piezoelectric layer and the resonator, thus conducting heat
away from the resonator. Aluminum was selected because of the material’s great
heat transporting capability, acoustic property and easiness to machine (e.g., using
a milling machine). Matching the thickness of the aluminum block to a multiple of
half a wavelength ensures high acoustic energy transfer. This can be understood by
using Eq. 5.3 and the following acoustic impedances: Z1 = 30.8× 106 kgm−2s−1

for the PZT piezoelectric layer, Z2 = 17.33× 106 kgm−2s−1 for the aluminum block
layer, and Z3 = 19.79× 106 kgm−2s−1 for the silicon bulk layer (cf. (B) in Fig. 5.2).
Characteristic acoustic impedances are taken from Ref. [106]. Inserting the values
in Eq. 5.3 yields minima of the absolute valued complex pressure reflection coeffi-
cient at multiples of half a wavelengths, the corresponding maxima occurs at odd
multiples of a quarter of a wavelength.

Passive temperature regulation methods are however limited by the surround-
ing environment, e.g., the temperature of the lab. Thus, they are inadequate in
applications where precise temperature control is crucial or in heated environments
such as the one in a cell incubator. In such cases, active temperature regulation
methods are required.

The active temperature-control system implemented in Papers 6 and 7 can be
seen in Fig. 5.5. In fact, Fig. 5.5a shows the system as it was set-up in Paper 6,
i.e., with the multi-well device placed inside a cell incubator (left side in figure).
The temperature-control system is based around a closed water loop with on-line
water heater and cooler (cf. Fig. 5.5b). The PID controller regulates the water
heater based on temperature feedback from the device (see "Data" in Fig. 5.5b), as
the water cooler is continuously ON and unable to be regulated. The system has
proven to be able to regulate the temperature of the devices (cf. Fig. 5.6) within
0.5℃ over a large span of different set temperatures (3℃ – 50℃ cf. Paper 7).
In fact, the multi-well device was actively temperature-controlled by clamping the
device onto a large water-cooled copper block (cf. (7) in Fig. 5.6a) connected to
the closed water loop of the temperature-control system. The feedback temperature
was measured using thermocouples in direct contact with the microplate (cf. (2)
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Figure 5.5: The temperature-control system. a) A photo showing the experimental setup
with the multi-well device inside the cell incubator to the left and temperature-control
system to the right. The device is connected to the system’s closed water loop via tubing.
b) Flow diagram showing the internal components and workings of the temperature-control
system. The blue arrows show the closed water loop connecting the device to the system.
Red arrows show the PID controller signal regulating the on-line water heater. Green
arrows show the feedback temperature from the device to the PID controller.

in Fig. 5.6a). In analogy with the aluminum coupling layer presented by Lenshof,
this can be seen as an actively temperature-controlled backing layer.

Similar to the multi-well device, in Paper 7 a microfluidic chip (cf. (2) in
Fig. 5.6b) incorporating resonator cavities was actively controlled through an alu-
minum coupling layer (cf. (3) in Fig. 5.6b) housing water channels connected to
the closed water loop of the temperature-control system. Just like the temperature
controlled multi-well device, the feedback temperature was measured in close vicin-
ity to the resonator cavity in the microfluidic chip using a thermocouple probe (cf.
(7) in Fig. 5.6b).

In Paper 8, a peltier-based temperature-controller (i.e., the thermoelectric ef-
fect) was demonstrated for preventing high-temperature thermal damage to DNA
extracted from cells using high-amplitude ultrasound cell lysis (cf. Fig. 3.6a) in
disposable plastic microfluidic chips. Peltier-based temperature control systems
for ultrasonic manipulation systems have been presented earlier [96] where they
were proven to increase the repeatability and stability of ultrasonic manipulation
systems. However, peltier-based systems are restricted by the temperature of the
surrounding environment. Thus, they cannot be implemented in a cell incubator
where the increased heat would render the temperature regulation capability inef-
fective.
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In fact, temperature control was not implemented in this Thesis primarily for
the sake of a stable and predictable ultrasonic manipulation system but rather for
maintaining high cell viability (37℃±1℃ [58]) under either elevated surrounding
temperatures (Papers 6 and 8) or under increased acoustic pressure amplitudes
(Paper 7).

In conclusion, temperature control can be implemented in ultrasonic manip-
ulation systems for increased stability and performance or for maintaining high
cell viability by regulation around 37℃. Furthermore, with the ability to set the
temperature of the system within a wide range (cf. Paper 7), "on ice" or "fever"
bio-experiments can be performed.
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Figure 5.6: The two actively temperature-controlled devices used in a) Paper 6 and in
b) Paper 7. a) The multi-well device is connected to the signal source (1) and the feedback
temperature is measured with two thermocouples (2) in direct contact with the multi-well
microplate (3). The multi-well microplate is securely clamped to the piezoelectric layer (4)
in the ring-shaped transducer (5). The device is firmly pressed (6) against the water-cooled
copper block (7) which is connected to the closed water loop of the temperature-control
system (cf. Fig. 5.5). b) The high pressure amplitude device consists of: (1) Nuts, springs
and a transparent manifold with a slot for optical access clamps the microfluidic chip (2)
to the temperature-controlled aluminum coupling layer (3) incorporating water channels
and a narrow slot for optical transillumination access. The coupling layer is connected via
two angled bulkhead tube fittings (4) to the temperature-control system through tubing
(5). Two separate signal sources are connected (6) to the dual piezoelectric transducer
setup permanently glued to the bottom of the coupling layer. The feedback temperature
is measured using a thermocouple probe (7) placed on the microfluidic chip near the
resonator cavity. Hence, the temperature of the aluminum coupling layer (3) is regulated
according to the temperature on the microfluidic chip near the resonator cavity.



Chapter 6

Applications of the multi-well
microplate

This chapter focuses on the different applications of the multi-well microplate imple-
mented in Papers 1–6, especially on the most recent application, ultrasonic three-
dimensional cell culture (Paper 6). Ultrasonic three-dimensional cell culture is a
promising and novel application that was realized in Paper 6, as a result of the
recent technological improvements of the multi-well device. Namely, the develop-
ment and implementation of the temperature-control system (described in more
detail in Chap. 5) enabling integration of the multi-well device into a cell incubator
facilitating long term energetic ultrasound manipulation of cells. Moreover, the
application for investigating immune and target cell interactions, realized in Paper
3, is also discussed, albeit briefly.

6.1 Cell interaction studies and ultrasonic 3D cell culture

One important application of the multi-well microplate is the investigation of im-
mune cells. In Paper 3, we investigated the cytotoxicity of immune cells against
individual target cells using ultrasound-assisted cell–cell aggregation. In fact, the
immune cells used in Paper 3 were peripheral blood natural killer (NK) cells from
healthy donors. NK cells are cytotoxic lymphocytes which are important defend-
ers against virus-infected cells and cancer cells. As target cells, we used B cells
(721.221/Cw6-GFP). The results of this study showed that a heterogeneity within
the NK cell population existed. Specifically, some NK cells were completely inac-
tive, others were moderate killers and some NK cells were serial killers eliminating
most of the surrounding target cells.

The multi-well microplate has been extensively tested for cell viability. In
Paper 1, the cell viability was investigated during 12 hours of continuous ultra-
sound manipulation of calcein green AM-stained B cells (721.221). The cell viabil-
ity was determined based on the presence of calcein fluorescence and visibility of
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an intact cell membrane. No significant increase in cell death could be observed.
Furthermore, in Paper 3 and 5 the cell function was investigated in terms of synapse
formation ability between NK cells (YTS KIR2DL) and target cells (721.221/Cw6-
GFP B cell line). The synapse-formation ability was shown to be unaffected by the
typical ultrasound manipulation levels used in the multi-well microplate.

Cell culture is an essential tool in cell biology, tissue engineering, and drug dis-
covery. Unlike conventional two-dimensional (2D) cell cultures, three-dimensional
(3D) cell cultures have the possibility to enhance in vitro experiments for different
aspects of basic biological research, as 3D cell cultures in vitro can better mimic
the in vivo microenvironment of living tissues and tumors compared to the typical
2D cultures. For example, several studies indicate a resemblance between 3D in
vitro cultures and in vivo growing tissues regarding morphology, gene expression,
molecular signaling etc. Thus, 3D cultures are promising in toxicology studies with
the potential to facilitate the elimination of poor drug candidates at the pre-animal
and pre-clinical stage or to help identify promising new drugs [121,122].

Since the potential of 3D cell culture was recognized, several 3D culture tech-
niques have been developed utilizing physical scaffolds such as proteins and hydro-
gels or surface coatings such as agarose and poly-HEMA [123]. Other techniques are
based on rotating vessels [124], hanging droplets [125], and even the combination
of techniques such as magnetic levitation of cells in hydrogels [126] or ultrasound-
assisted high-density cell aggregates encapsulated in hydrogels [127,128].

Techniques for 3D cultures are often complicated, cumbersome, and expensive.
Most of the techniques are not directly compatible with live cell imaging since they
rely on physical scaffolds and surface coatings or methods not optimized for mi-
croscopy. However, our technique combines microfabrication and ultrasonic manip-
ulation for controlling the growth of cells into compact 3D structures. The method
utilizes a simple, no-flow, scaffold- and coating-free multi-well microplate directly
compatible with high-resolution live cell fluorescence microscopy. In addition, since
acoustic radiation forces are applied uniformly in the entire multi-well microplate,
we can obtain a large number of useful small (∼0.2 mm-sized) solid tumors (up to
100) from a single experiment.

The produced solid tumors, using our technique, show tight intercellular con-
tacts with adjacent cells and each tumor displays a characteristic sharp boundary
(see Fig. 6.1a), which is easily distinguishable from loosely packed cell aggregates
in three dimensions. To confirm the results of our ultrasonic 3D cell culture tech-
nique, control experiments were performed which showed the production of strictly
2D cell cultures (monolayers) in each of the wells when no ultrasound was applied
(see Fig. 6.1b).

The quality and quantity of the produced tumors depend on the ultrasound
"dose", i.e., both on exposure time and acoustic pressure amplitude. We found that
two days or more is suitable in order to produce useful tumors, and that a great
majority of these tumors remained intact even after switching off the ultrasound.
However, the final tumor outcome depends strongly on cell conditions prior to ul-
trasound exposure. Thus, care must be taken in order to have the best possible
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conditions for the cells.
The cell type used for generating solid tumors in our multi-well microplate is

the HepG2 cell line. HepG2 cells are derived from hepatocellular carcinoma, one
of the most common cancers worldwide [129]. Since HepG2 cells are shown to be
susceptible targets for NK cell-mediated killing, in Paper 6 we investigated the NK
cell infiltration and cytotoxicity against the formed HepG2 solid tumors. NK cells
and tumors were stained with different fluorescent dyes and the interactions were
monitored over time (for up to 5 days) using time-lapse, high-resolution confocal
microscopy. Our results show that the outcome of the NK-tumor interaction de-
pends on the number of NK cells on the tumor relative to the tumor size. We
observed that a ratio between NK cells and HepG2 cells in the range 1:20 to 1:40
was needed to prevent tumor growth in the first day. A ratio of approximately 1:10
was needed to destroy the tumor in five days.

In conclusion, many applications of the ultrasound actuated multi-well mi-
croplate show real promise, particularly the investigations of immune and target
cell interactions. The microplate has proven to be biocompatible, sustaining high
cell viability, and having a minimal impact on the cell functions, while being actu-
ated continuously using ultrasound. In fact, the multi-well microplate is a general
platform designed for the studies of individual cell-cell interactions and dynamics
over time for any cell type, and by using ultrasound we can induce and synchronize
cell-cell contacts in a controlled manner. Furthermore, the ultrasonic 3D cell cul-
ture technique presented in Paper 6 is not limited to mono-cultures (i.e., a single
cell type). Thus, co-culture models (i.e., with several cell types) may be produced
which more closely resemble the heterogeneous tumor tissues found in vivo. A
more detailed description about NK cell and tumor applications in the multi-well
microplate is given in a recent Ph.D. thesis by Christakou [130] (2014).
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100 µm 100 µm

a) b)

Figure 6.1: Ultrasonic 3D cell culture of calcein green AM-stained HepG2 cells. Here
two wells in the multi-well microplate are shown. a) The result after 7 days of continuous
ultrasound exposure and b) control experiment with no ultrasound. For a full microplate
view see Paper 6. As can be seen, the ultrasonic 3D cell culture technique produces solid
HepG2 tumors whereas the control experiment produces HepG2 monolayers.



Chapter 7

Conclusions and Outlook

This Thesis is dedicated to the studies of ultrasonic manipulation of fluids, parti-
cles, and cells. The approach has been highly technical yet interdisciplinary, always
with a clinical aim in mind.

Conventional cell culture methods deal with large cell populations, thus only
acquiring averaged information. Due to the heterogeneity within a cell population,
average information can be misleading and is unable to describe single cell behav-
ior.

The MHz-ultrasound wedge-transducer actuated multi-well microplate was first
presented in Paper 1 as a gentle platform to facilitate investigation of individual
cell characteristics by high-resolution time-lapse optical microscopy. The microplate
showed promise with high cell viability and parallelized long-term stable aggrega-
tion of cells in the center of each of the 100 wells. The microplate was specifically
designed for studies of individual immune cell interactions coordinated by ultra-
sound induced cell conjugation bypassing cell migration.

In Paper 3, the scope of the multi-well microplate was broadened and became
more interdisciplinary as primary NK cells from healthy donors were used to study
immune and target cell interactions as well as the heterogeneity in cytotoxicity of
NK cells against cancer cells, as well as immune synapse formation. As a conse-
quence of the heterogeneity within the NK cell population, it was shown that some
NK cells were particularly active, defeating up to six target cells during the assay
whereas other NK cells were dormant.

The ring-shaped transducer was introduced in Paper 4, replacing the existing
wedge-transducer as a more flexible, robust, and efficient design. The new trans-
ducer allowed for operation in humid environments, further broadening the scope
of the multi-well microplate.

Temperature control of the ring-shaped transducer was presented in Paper 6,
facilitating energetic ultrasound manipulation of the multi-well microplate in humid
environments such as the one inside a cell incubator. As a result, the multi-well
device was incorporated in a cell incubator and solid HepG2 (liver) cancer tumors
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could be formed, in parallel, in the multi-well microplate without the need for
physical scaffolds or surface coatings. Applying the knowledge from Paper 3, the
formed tumors were subjected to NK cells and the cytotoxic responses from the
NK cells interacting with the tumors were studied. It was found that the outcome
of the interaction depends on the initial number of NK cells compared to the ini-
tial tumor volume. Furthermore, by taking advantage of the microplate’s excellent
optical characteristics, NK cell solid tumor infiltration was studied with fluorescent
3D laser confocal microscopy.

Expanding on the possibilities of the temperature-control system designed in
Paper 6, a completely new dual transducer ultrasonic manipulation device was
constructed in Paper 7, capable of high acoustic pressure amplitudes in the MPa-
range. The temperature-controlled device was shown to be able to be regulated
in a wide range of temperatures independently of the ultrasound power. High cell
viability after one hour of MPa-ultrasound manipulation was demonstrated as a
result of long-term stable temperature control. Furthermore, the device was shown
to be compatible with online acoustic energy density measurements using tracker
particles.

One step closer to clinical applications was taken in Paper 8, where fluid mix-
ing and cell lysis for DNA extraction were performed in plastic disposable chips
using highly energetic kHz-ultrasound. Implementing temperature control, ther-
mal damage to the lysates could be avoided. Moreover, in a non-finished project,
kHz-ultrasound was applied to clinical sputum samples for solubilization and cell
lysis for subsequent genomic DNA extraction for pathogen detection (manuscript
in preparation).

The multi-well device has proven itself to be a promising tool, especially when
combined with temperature control, capable of both cell-cell interaction studies as
well as ultrasonic 3D cell culture forming solid tumors. Suggestions for future ap-
plications are drug and immune system screening against solid tumors for immune
therapy and improved cancer drugs. In fact, these tumors could either be homoge-
neous or heterogeneous with respect to cell type composition as the 3D ultrasonic
cell culture method is generic. In addition, the kHz-ultrasonic solubilization and
cell lysis is a particularly interesting sample-preparation application with great clin-
ical value since it has the potential to increase pathogen detection efficiency.

In conclusion, within interdisciplinary applications with the intention and am-
bition of clinical end use lies the true potential of ultrasonic fluid and cell manipu-
lation.



Summary of Papers

This Thesis is based on the eight Papers listed below. All Papers concern the
use of ultrasonic manipulation of fluids, particles and living cells. The author
has been the main responsible for Papers 4, 6, and 7, including development of
platforms, preparation and execution of experiments, analysis and processing of
results and writing the Papers. In Paper 1 the author contributed to the analysis
and processing of results and writing the Paper. In Papers 2 and 8 the author
contributed to preparation and execution of experiments, analysis and processing
of results and writing the Papers as well as platform development (Paper 8). In
Paper 3 the author actively contributed to analysis and processing of results and
writing the Paper. In Paper 5 the author contributed to writing the Paper.

Paper 1: Ultrasound-controlled cell aggregation in a multi-well chip
This Paper is the first to present the ultrasound actuated multi-well microplate for
parallelized manipulation of particles or cells. The microplate consists of 100 mi-
crowells and is optimized for high-resolution microscopy. Furthermore, the biocom-
patibility of the device is demonstrated by continuously exposing cells to ultrasound
for 12 hours.

Paper 2: Acoustofluidics 14: Applications of acoustic streaming in
microfluidic devices
This Paper presents a qualitative description of acoustic streaming and its ap-
plications in lab-on-a-chip devices. Boundary layer driven streaming, including
Schlichting and Rayleigh streaming as well as Eckart streaming are covered. Al-
though being primarily a review paper, previously unpublished data shows acoustic
streaming patterns in different acoustic resonant cavities.

Paper 3: Live cell imaging in a micro-array of acoustic traps facilitates
quantification of natural killer cell heterogeneity
In this Paper the ultrasound actuated multi-well microplate is used to quantify the
natural killer cell heterogeneity. The human NK cells’ ability to kill MHC class 1
deficient tumor cells is studied and we show that approximately two thirds of the
NK cells display cytotoxicity.
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Paper 4: Influence of acoustic streaming on ultrasonic particle
manipulation in a 100-well ring-transducer microplate
This Paper presents a new type of ring-transducer to be used with the multi-well
microplate. The ultrasonic particle aggregation and positioning in the microplate is
characterized and quantified for different actuation schemes of the ring-transducer.
In addition, the acoustic streaming patterns and dynamics in the microplate are
studied.

Paper 5: Ultrasound-induced cell-cell interaction studies in a multi-well
microplate
This review Paper describes the use of ultrasound for inducing and retaining cell-cell
contact in the multi-well microplate combined with live-cell fluorescence microscopy.
Previously unpublished data shows time-lapse recordings of the inhibitory immune
synapses between a single NK cell and five target cells as well as the study of the
killing dynamics of individual NK-cell killers.

Paper 6: Ultrasonic three-dimensional cell culture on chip for dynamic
studies of tumor immune surveillance by natural killer cells
This Paper demonstrates a method for three-dimensional cell culture in the ultra-
sound actuated multi-well microplate. Parallel production of synthetic 3D solid
tumors of human hepatocellular carcinoma cells is shown and the functional behav-
ior of natural killer cells migrating, docking and interacting with the tumor model
is demonstrated.

Paper 7: Temperature-controlled MPa-pressure ultrasonic cell
manipulation in a microfluidic chip
In this Paper, a temperature-controlled dual-ultrasonic-actuator transducer is pre-
sented. Cell viability of human lung cancer cells after one hour of continuous ultra-
sound exposure in the MPa-range is quantified. Both the acoustic streaming and
acoustic energy density are characterized and quantified at MPa acoustic pressure
amplitude levels.

Paper 8: Acoustic micro-vortexing of fluids, beads and cells in
disposable microfluidic chips
This Paper shows acoustic micro-vortexing of fluids, beads and cells in microflu-
idic disposable plastic chips, as well as cell lysis for DNA extraction utilizing high
amplitude kHz-ultrasound.
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