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Abstract
Acoustic manipulation, a technique that moves objects by sound, has emerged as a promising

method for handling of matter with a wide range of applications in biomedical research,
microsystem assembly, lab-on-a-chip, and tissue engineering. Classical acoustic manipulation
techniques operate by forming standing pressure waves and trapping the particles in the nodes or
antinodes of the waves, enabling the formation of simple patterns of particles. During the last
decade, a progress towards more dynamic devices has been initiated, resulting in the emergence
of dynamic-field devices. Dynamic-field devices are able to move the acoustic traps, and accordingly
the trapped objects, by dynamically reshaping the acoustic field. They enable complex
manipulations such as moving biological organisms along predefined trajectories.

Despite the remarkable achievements, the state-of-the-art acoustic manipulation methods face
two major challenges: (1) The methods depend on the acoustic traps for manipulation, imposing
clear functional limitations, e.g., to operate in the whole workspace, the device needs to create
trapping points in that space; (2) Motion decoupling is challenging as the acoustic fields are global
and when created, certain forces imposed by the shape of the acoustic field are applied to the
particles and couple their motion. The suggested methods to solve these challenges typically
demand a complex hardware with several, even hundreds, of transducers.

First and foremost, this thesis introduces a new perspective on acoustic manipulation methods,
which suggests motion control out of the acoustic traps. The idea has been applied to a vibrating
plate in two environments, in air and underwater. It has major benefits compared to the state-of-
the-art methods, where it considerably simplifies the hardware. For instance, this thesis shows that
a single acoustic source can be used to simultaneously control the motion of up to six particles.

Secondly, the thesis reports a novel method to control the motion of multiple objects
independently and simultaneously inside a global field. It proposes employing a spatially highly
nonlinear excitation field, but still global, for independent and simultaneous manipulation of
multiple objects. The method allows complex operations on a vibrating plate in air and underwater,
such as multi-particle manipulation on user-specific trajectories, pattern formation and
transformation, and particle sorting.

Finally, the thesis introduces a model-free control method based on reinforcement learning for
dynamic-field devices. In this method, the controller does not need a prior knowledge of the
acoustic field and learns the optimal control policy for each manipulation task by merely interacting
with the acoustic field. The thesis reports the successful implementation of the method to a
vibrating plate, allowing manipulation of single and multiple particles towards target locations.
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1. Introduction

Acoustic manipulation, a technique that moves objects by sound, has been
the focus of intense research in the last two decades [1, 2, 3, 4, 5]. Acoustic
manipulation techniques benefit a wide range of applications in science and
technology. These techniques can be used for separating lipid and blood
cells [6] to prevent blockage of arteries during cardiac surgery [7]; forming
patterns of particles or cells for biological studies [8, 9]; manipulating
microparticles, cells, and organisms [10]; lab-on-a-chip applications and
diagnostics [1]; assembly of micro and nano structures [11, 12]; as well as
the tissue engineering [13].

The origin of the idea of moving objects by sound dates back to more than
two centuries ago [14]. In 1787, Ernst Chladni, known as the father of
acoustics, fixed a metal plate in the center and sprinkled sand particles
on it. He then drew a violin bow over the edge of the plate. He observed
that the sand particles move and trace out the regions of the plate where
the surface remained still, known as nodal lines or traps, and form specific
patterns. These patterns, now called Chladni figures after their inventor,
attracted great attention among the general public because of their intrigu-
ing beauty (Fig. 1.1) [15]. Notably, Chladni demonstrated his experiment
to Napoleon Bonaparte at Paris imperial court [16].

Chladni figures fascinated not only the military leaders but also many sig-
nificant scientists [15], such as Lagrange, Poisson, Kirchhoff, Faraday [17],
Rayleigh [18], and Ritz, who tried to build a theory for formation of those
patterns [15]. These efforts initiated the development of several realms of
science, such as the theory of plates [15] as well as the acoustics. In that
sense, Chladni’s experiment is considered as the cornerstone of all acoustic
manipulation techniques.

Even though great effort has been devoted to solve the Chladni figures,
the motion of particles before settling on the traps is still not very well
understood. In literature, such motion is generally described as chaotic
or random [19, 20, 21]. The dominant view was that the particle motion
out of the traps is uncontrollable due to its random nature. The same
viewpoint was widely accepted about the particle motion in other acoustic
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Figure 1.1. Chaldni patterns: a Chladni plate is able to generate diverse force fields
resulting in specific patterns at each resonant frequency.

manipulation devices. Therefore, forming acoustic traps was considered
as the basis of acoustic manipulation techniques [1], and the possibility
of controlled manipulation out of the acoustic traps was totally ignored.
Consequently, the common practice in acoustic manipulation techniques
was to create traps that can attract and hold the particles, and move the
traps to translate the trapped particles [22, 23].

One challenge in acoustic manipulation is that the position of the acous-
tic traps depends on the device geometry and cannot be freely selected [1].
As controlled manipulation can be performed only at the positions of the
acoustic traps, the area within which the particles can be controllably
manipulated is limited [22]. To manipulate the particles in the whole
manipulation space, the devices should be able to generate the trapping
points in the entire manipulation space. Therefore, the device should be
able to dynamically reshape the acoustic field to cover the whole manipula-
tion space with trapping points. Reshaping the acoustic field is normally
performed by controlling the phase of hundreds of transducers [22, 23].
For instance, an array of 128 transducers has been used to manipulate a
particle in a space of 10 cm × 10 cm × 10 cm [22].

Another challenge in acoustic manipulation is the coupling of the motion
of particles in the manipulation space [23]. Acoustic fields are global and
when created, certain forces imposed by the shape of the acoustic field
are applied to the particles. Therefore, if multiple particles exist in the
manipulation space, their motion is coupled and depends on the applied
acoustic field. This characteristic sets difficulties in simultaneous and
independent manipulation of multiple objects by acoustic techniques [24].
The suggested methods to solve this challenge demands complex hardware,
causing a considerable increase in the number of the required transduc-
ers [24, 25, 26, 22, 23].

The above-mentioned challenges of acoustic manipulation techniques im-
ply that the dexterity of a device comes at the expense of its complexity [1].
In other words, to increase the functionality of the devices, more trans-
ducers should be used resulting in more complex hardware. Therefore,
methods that could overcome the mentioned challenges and allow complex
operations with a simple hardware, would greatly impact the acoustic
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manipulation techniques.

1.1 Research objectives

The objective of this research is to tackle the challenges in acoustic manip-
ulation on (1) modelling and controlling the motion of particles out of the
trapping points; and (2) simultaneous and independent control of multiple
particles. We focus our research on vertically-vibrating plates, a classical
example of acoustic manipulation devices, shortly called vibrating plates
in this thesis, and the motion of particles over their surface. In particular,
the following research questions are addressed:

1. Can the motion of an object on a vibrating plate, especially out of the
trapping points, be precisely predicted?

2. Can the motion of an object on a vibrating plate be controlled?

3. Can the motion of multiple objects on a vibrating plate be decoupled
to achieve simultaneous and independent motion control of multiple
objects?

4. How does the surrounding medium in which the particles are manipu-
lated affect the manipulation, specifically in a fluidic medium?

5. Can a vibrating plate be used to levitate and move objects in mid-air?

6. Can the motion of objects on a vibrating plate be controlled without
having a prior model of such motion?

1.2 Research methodology and tools

This is a multidisciplinary research, combining elements of vibration and
acoustics theory, microrobotics, automation, acoustofluidics, machine learn-
ing, and system modelling. The research approach is predominantly ex-
perimental and follows the positivist school of philosophy, that is, data is
derived empirically, and interpreted through reason and logic; then such
verified data is used to form scientific knowledge [27, 28].

For the experiments, a centrally-actuated Chladni plate (Fig. 1.2) was
used, consisting of a vibrating plate driven by a piezoelectric actuator.
In most experiments, the vibrating plate manipulated sub-mm objects
with various types of materials, e.g., metallic, polymeric, and biological,
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all commercially available. In Publication III, the vibrating plate was
submerged in a water tank, whereas in the other publications, the plate
was excited in ambient air. To observe the motion of particles in more
detail, a high-speed camera was used in the publications I, II, III, IV,
and V. Additionally, a microphone was used for spectral characterization
of the vibrating plate.

Figure 1.2. The used hardware for the research: a centrally-actuated Chladni plate con-
sisting of a vibrating plate driven by a piezoelectric actuator, imaged by a
camera from top.

1.3 Contributions to the research field

Firstly, this thesis corrects two false beliefs regarding Chladni’s experiment
and brings new knowledge of particle motion on a vibrating plate:

1. The thesis shows that the motion of particles on a vibrating plate before
they settle on the nodal lines is not random, and can be statistically
predicted and controlled.

2. The thesis provides experimental evidence that heavy particles on a
vibrating plate can move towards the antinodes of vibration. Previously,
two modes of motion on a vibrating plate were realized: the first mode by
Chladni, demonstrating that heavy particles move towards the nodes of
vibration; and the second discovered by Chladni and explained by Fara-
day, showing that light particles move towards the antinodes. This thesis
shows the third mode of motion where heavy particles move towards
antinodes of vibration on a submerged vibrating plate, and form inverse
Chladni patterns.

Secondly, this thesis brings a new perspective on acoustic manipulation
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methods, suggesting that motion control of particles can be achieved out of
the acoustic traps. The idea is applied to a vibrating plate, resulting in the
development of several novel methods as follows:

1. A novel method is introduced for controlling the motion of particles on
a vibrating plate. The method allows control of multiple particles inde-
pendently and simultaneously, which enables complex operations, such
as single- and multi-particle manipulation on user-specific trajectories,
pattern formation and transformation, and particle sorting. The control
method is not limited to acoustic fields, and is potentially transferable
to other field-based manipulation techniques, such as electrostatic and
magnetic ones.

2. A novel method is developed for manipulating single particles and a
swarm of particles on a submerged vibrating plate. This method allows
agglomerating a swarm of particles, and then splitting the agglomerate
into clusters, which was not possible with the previous acoustic tech-
niques.

3. A novel method is introduced for model-free control of motion on a
vibrating plate using reinforcement learning, where the controller does
not need a prior knowledge of the acoustic field, allowing manipulation of
single and multiple particles on the plate surface. The model-free control
method is not limited to the acoustic techniques, and can be potentially
applied to a broad range of field-based micromanipulation systems, where
accurate theoretical modelling of the field is challenging.

4. A novel technique is developed for levitating and moving particles in
mid-air using a vibrating plate and a sound reflector. The method al-
lows manipulation of a cluster of levitated microspheres in user-specific
trajectories.

5. A novel technique is presented for continuous acoustic manipulation us-
ing a real-time controller. The technique has been applied to a vibrating
plate, but is not limited to it, and is applicable to a wide range of acoustic
manipulation devices.

1.4 Structure of the thesis

The thesis is organized as follows. Chapter 2 introduces fundamentals and
common techniques of acoustic manipulation, followed by the reporting
of a novel method for particle manipulation on a vibrating plate. Chap-
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ter 3 discusses the acoustic methods for manipulating particles inside
fluidic media. Along with the known techniques, a new acoustic method
is introduced for particle manipulation on a plate inside a fluidic medium.
Chapter 4 discusses two modelling methods, first principle and data-driven,
for controlling the particle motion inside an acoustic field. Then, a new
concept is presented for model-free control of the particle motion. Finally,
Chapter 5 concludes the thesis and discusses the future outlook.

6



2. Acoustic manipulation

This chapter firstly introduces fundamental concepts and common tech-
niques of acoustic manipulation, then presents a new concept for acoustic
manipulation, which, unlike the common techniques, allows manipulating
particles beyond the acoustic traps.

2.1 Sound and motion

Sound is a variation in pressure that travels through a medium. It is a
mechanical wave that can travel through any medium. When propagated,
a sound wave transports energy from one location to another. The source
of sound is a certain vibrating object, e.g., the vocal cords of a person, the
string of a violin, or the diaphragm of a speaker.

At specific vibrational frequencies of a sound source, the reflected waves
from one end of the medium interfere with the incident waves from the
source. The result of such interference is that specific points along the
medium appear to be standing still while other points vibrate back and
forth. Such interference of waves creates a wave pattern that is charac-
terized by points appearing to be standing still, referred to as a standing
wave pattern.

If particles are exposed to acoustic standing waves, they will be affected
by the waves as long as their acoustic properties differ from the acoustic
properties of the surrounding medium [29]. In particular, acoustic stand-
ing waves apply forces to the particles and move them in the medium.
Those forces are normally classified into two categories: acoustic radiation
force, and acoustic streaming force (see Section 3.1 for the formulation of
the acoustic forces). Such interaction between the sound waves and the
particles is the foundation of all the acoustic manipulation techniques.

Fundamentally, acoustic manipulation refers to a set of methods with
which objects can be controllably manipulated by the assistance of acoustic
forces. The acoustic manipulation methods are generally originated from
two famous experiments: the first done by Chladni in 1787 [14] (see
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Chapter 1), and the second performed by Kundt in 1874 [30]. In the latter
experiment, cork dust was moved by an acoustic wave in a resonating air
column, visualizing the standing wave pattern. Kundt’s experiment gave
rise to the emergence of a class of acoustic manipulation devices that rely
on static standing waves [31], referred to as static-field devices [1]. This
thesis continues by briefly reviewing static-field devices that have found
widespread use in lab-on-a-chip applications, especially for sorting and
filtering of the biological particles [1].

2.2 Static-field acoustic manipulation

In the last two decades, with the recent advances in microtechnology, vari-
ous designs of acoustic manipulation systems have been suggested to fulfill
the needs of different applications. The minimal design uses either two op-
posing sound sources, typically piezo ceramic elements, or more commonly
a single sound source facing a sound reflector [31]. In such a system, the
sound source is excited with a specific frequency that generates a multiple
half-wavelength standing wave in the medium. Such configuration, i.e.,
exciting a resonance in a chamber or channel, is commonly used in acoustic
manipulation systems. The resonant operation implies that very efficient
devices, in terms of acoustic force applied for a given input power, can be
made [1]. Those devices are also known as static-field devices, and are
used in a myriad of applications such as agglomerating cells for tissue
engineering [13, 32, 33], filtering particles [34, 7], forming patterns [8, 35],
and the assembly of micro- and nanostructures [36, 37, 38].

Acoustic field in static-field devices is fixed by the resonant mode-shape,
which is a characteristic of the geometry of the device. Any specific device
will have an infinite number of possible modes to choose from; however,
typically a single, low-order mode with a simple mode-shape is selected [1].
Therefore, the static-field devices can facilitate only a limited set of op-
erations such as forming parallel lines or dots of particles [31, 39, 40],
or moving particles to specific locations. More complex operations, e.g.,
manipulating particles along user-specific trajectories, require more ver-
satile and configurable devices [1], giving rise to the recent emergence of
dynamic-field devices.

2.3 Dynamic-field acoustic manipulation

In the last decade, a new class of acoustic manipulation devices that can
create dynamic acoustic fields has emerged. Those devices, commonly
referred to as dynamic-field devices, are able to dynamically change the
acoustic forces by reshaping the acoustic fields [1]. They have opened up
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the possibility of performing relatively complex manipulations, such as
transporting particles and organisms along predefined trajectories [10],
rotating biological organisms [41], as well as agglomerating particles and
transporting the agglomerate to a target position. Such manipulation
flexibility obviously surpass the abilities of static-field devices.

Dynamic-field devices are divided into two subclasses based on their
method of changing the acoustic field. The first subclass of devices employs
mode-switching, in which the acoustic field within the device is rapidly
switched between several resonant modes [42]. In this class of devices the
benefits of the efficiency of resonant operation are maintained but a certain
level of reconfigurability is added. The second subclass of devices uses
multiple transducers and changes the acoustic field by switching off/on [43]
or controlling the phase [22] of the excited transducers. The devices offer
great manipulation dexterity, e.g., multiple particles can be simultaneously
trapped and manipulated in the workspace [23].

A closer look to the acoustic manipulation devices, both static- and
dynamic-field, reveals that all of those devices rely on forming acous-
tic traps that can attract and hold the nearby objects. To manipulate the
trapped objects, the dynamic devices reshape the acoustic field to move the
acoustic trap, and accordingly the objects. However, there is a major short-
coming of those methods: to operate in the whole workspace, the device
should be able to create the traps in the whole workspace, which requires
complex hardware, often with hundreds of transducers [22, 23, 26]. The
key point here is that the dexterity of manipulation comes at the cost of
the complexity of the device, i.e., more transducers and control electronics
are required for more complex operations [1].

2.4 Manipulation beyond the acoustic traps

In Publication I, a new concept for acoustic manipulation has been in-
troduced. Coined as out-of-trap acoustic manipulation, the objects can
be manipulated directly using the acoustic force field instead of the trap-
ping points or lines. This has considerably simplified the hardware re-
quirements, and even a single-transducer device can manipulate multiple
particles independently and simultaneously.

2.4.1 Chladni plate

We use a centrally-actuated Chladni plate as the apparatus to realize the
concept of out-of-trap acoustic manipulation. A centrally-actuated Chladni
plate consists of a plate mounted on a vibrational source, as schematically
shown in Fig 2.1a. In this implementation, a piezoelectric actuator was
mounted as the vibrational source on the center of a thin silicon plate (50
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Figure 2.1. (a) Schematic of a Chladni plate: the plate can be used in a closed-loop control
scheme to control the motion of multiple particles over its surface and guide
them towards their desired directions. (b) Pattern formation at non-resonant
frequencies: a Chladni plate is able to generate complex patterns at non-
resonant frequencies resulting in diverse motion of particles. The shape of
the patterns are highly related to the motion of the particles over the plate.
(c) Measured SPL of a Chladni plate as a function of frequency: SPL does
not drop dramatically at the frequencies around the resonant frequencies,
showing that the Q-factor of a Chladni plate is relatively low.

mm × 50 mm × 500 µm). When the piezoelectric actuator is driven at a
certain frequency, it generates flexural waves in the plate which create
a two-dimensional force field over the surface of the plate. The shape of
the force field depends on the driving frequency of the vibrational source.
If one sprinkles particles on the plate, e.g., sand or salt, the force field
moves the particles towards the nodal lines of vibration and form patterns.
As shown in Fig. 2.1b, the pattern shape is associated with the direction
of the particle motion at each specific frequency. Such diverse frequency-
dependent displacement fields potentially provide great capability for
motion control.

It should be noted that the patterns can be formed at any frequency,
including both resonant and non-resonant. Non-resonant operation frees
the device from the constraint of operating at a specific resonant mode
and enables much more versatility for creating dynamic fields. However, it
inevitably reduces the efficiency of the device, i.e., greater applied power is
needed to achieve the required force for manipulation. The extent to which
the device efficiency is reduced in a non-resonant device depends on the
damping, and is normally characterized by the quality factor or Q-factor [1].
A Chladni plate has generally low levels of Q-factor, which means that the
resonance peaks are not very sharp in its power spectrum, and relatively
powerful signals can be generated at non-resonant frequencies as well. To
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characterize this property, we measure the sound pressure level (SPL) of
the Chladni plate in a wide range of frequencies, up to 30 kHz, using a
microphone installed perpendicular and slightly above the plate. Fig. 2.1c
shows SPL vs. frequency, confirming that SPL does not drop dramatically
at the frequencies around the resonant frequencies.

2.4.2 Modelling the motion

During the last two centuries, several major scientific figures, e.g., Kirch-
hoff, Rayleigh, and Ritz, and many others tried to theoretically reconstruct
the Chladni figures by casting it as an Eigenvalue problem and solving
the obtained partial differential equations (PDE) [15]. However, there is
a significant discrepancy between those solutions and the experimental
Chladni figures, which mainly comes from the fact that the vibrating plate
is an open system strongly coupled to its driving exciter [44, 45]. In a rela-
tively recent work, solving the two-dimensional inhomogeneous Helmholtz
equation was suggested to predict the patterns for a centrally-actuated
Chladni plate. This method is able to reconstruct the patterns in some of
the resonant frequencies, but not for the non-resonant ones [44, 45].

Another significant problem is that, even if one can calculate the Chladni
figures, how can the calculated patterns be used to predict the resulted
motion of the particles? This question was not addressed in the literature,
and therefore, such motion was generally described as chaotic, random,
and thus uncontrollable [19, 20, 21].

In Publication I, we attack this question from a completely different angle.
While all the previous methods tried to solve it with the first-principle
modelling methods, we suggest solving it using the data-driven methods.
To realize that, tens of particles were spread all over the surface of the
plate, and the plate was excited with triangularly-modulated sinusoidal
signals with a finite duration. The positions of the particles were tracked
before and after the excitation using particle tracking velocimetry (PTV),
and a database was formed consisting of the positions, the frequency of the
driving signals, and the resulted displacements. Then, locally weighted
scatterplot smoothing (LOESS) regression [46] was used to fit a function
un that takes the position and frequency of the signal as its input and
calculates the predicted displacement as its output. This way the motion of
particles can be statistically predicted for a wide spectrum of frequencies,
including both resonant and non-resonant. For example in Publication
I, we chose the frequencies from chromatic musical scale ranging from
C6 (1.047 kHz) up to A#

10 (29.83 kHz) resulting in 59 distinct frequencies,
or notes; although the modelling method can be used for any driving
frequency that the hardware allows.

This modelling method addresses the research question 1 of the thesis
(see Section 1.1). Using this method, we are able to precisely predict the
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motion of an object all over the surface of a vibrating plate, including the
regions that are out of the trapping points (Fig. 2.2). Additionally, the
modelling method is able to capture the uncertainty of the model un by
fitting the function ξn to the computed difference between the measured
and expected displacement.

Figure 2.2. Theoretical and experimental Chladni figures: the first row shows the
theoretically-calculated Chladni patterns, the second and third rows show the
modelled displacement field un and its magnitude |un|, respectively, and the
fourth row shows the magnitude of the model residuals ξn.

2.4.3 Controlling the motion

We applied several control methods to plan and control the motion of
objects on the plate which are thoroughly explained and evaluated in the
publications I and II. The control concept is shown in Fig. 2.1a. The objects
to be controlled are placed on the top of the plate, and imaged by a camera.
A computer detects the positions of the objects using machine vision. On
the basis of the detected positions, the computer decides which direction
it should move the objects next, and then finds a note that is expected
to most likely achieve the desired motion. The note is then played on
the piezoelectric actuator, and the next control cycle is started based on
the new positions of the objects. The control cycle is repeated until the
objects have reached their desired target locations. We implemented two
closed-loop control methods to select the optimal note at each control cycle:
(1) model predictive control (MPC) and (2) linear programming.

Additionally, we implemented two open-loop control methods in Publica-
tion II: (1) direct method and (2) neighborhood net motion (NNM) method.
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The open-loop methods can be used when there is not the possibility of
capturing the particle position by the camera. The open-loop methods
use a simulation framework, constructed based on the displacement and
residual models (un and ξn), and generate the required sequence of the
notes for a manipulation task. The generated sequence is then replayed
in the real setup to control the particle motion in open-loop. It should be
noted that the motion accuracy and repeatability deteriorate substantially
in the open-loop methods compared to the closed-loop methods. Among
the two open-loop methods, the NNM method works almost twofold more
accurate, giving an accuracy of 636 µm for a line-shaped path following
compared to 1407 µm for the direct method.

We have demonstrated motion control of single particles on the Chladni
plate using the aforementioned controllers, shown in Fig. 2.3. Figure 2.3a
depicts the manipulation of a single particle using the open-loop controller
(NNM method) in three repetitive experiments. While the open-loop con-
troller offers a relatively poor trajectory following, the closed-loop controller
enables significantly better motion control and accuracy, shown in Fig. 2.3b-
c.

The provided closed-loop control methods addresses the research question
2 of the thesis (see Section 1.1). The demonstrated successful experiments
verify that the motion of individual particles on a vibrating plate can be
precisely controlled.

Figure 2.3. Manipulation of individual objects on user-specific trajectories using (a) the
NNM open-loop controller, (b) the MPC controller, and (c) the linear program-
ming controller.

In addition to single-particle manipulation, our control method allows
manipulation of multiple particles simultaneously and independently on
the vibrating plate. This capability enables various operations includ-
ing point-to-point manipulation (Fig. 2.4a), parallel trajectory following
(Fig. 2.4b), particle sorting (Fig. 2.4c), pattern formation (Fig. 2.4d-e), and
pattern transformation (Fig. 2.4f). The experimental results are shown
in Fig. 2.4. In these experiments, a wide range of materials were used,
including electronic components, metal parts, and plant seeds. These ex-
periments verify that the research question 3 of the thesis (see Section 1.1)

13



Acoustic manipulation

is also addressed, where the motion of multiple objects on the vibrating
plate is decoupled, enabling simultaneous and independent motion control
of the objects.

Figure 2.4. Manipulation of multiple particles simultaneously and independently on the
Chladni plate: (a) Point-to-point manipulation of three 750 µm spherical glass
beads using the MPC controller. (b) Simultaneous manipulation of three
600 µm solder balls. (c) Particle sorting. (d) Aligning six radio-frequency
identification (RFID) chips on a line. (e) Formation of a triangular pattern
with six solder balls. (f) Pattern transformation. Scale bar, 1 cm.

We also tried to manipulate droplets on the vibrating plate. Direct
manipulation of droplets turns out to be difficult, as droplets absorb the
vibrational energy mainly for deforming rather than moving horizontally
on the surface. In Publication I, we used an indirect method to manipulate
droplets. We first loaded them on solid carriers, 8 µl water droplets on
surface mount technology (SMT) resistors, and then transported the solid
carriers on the plate until the loaded water droplets are merged (Fig. 2.5).
This experiment demonstrates a case where a vibrating plate is used as
the main element of a microrobotic system to move passive untethered
microrobots, i.e., the solid carriers, to perform an operation, i.e., merging
droplets.

2.4.4 Continuous manipulation

In the publications I and II, a pulse-based type of control were used, i.e.,
a control signal is sent to excite the plate for a finite duration, and after
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Figure 2.5. Microrobotic system for merging droplets: two 8 ml water droplets on solid
carriers (microrobots) are brought together and merged into a single droplet.
Scale bar, 1 cm.

the excitation is stopped, the position of the particles are captured by the
camera, and then the new control signal is sent again. This method lets the
particle rest on the plate during the pausing time for approximately 500
milliseconds. One would argue that even though pulse-based control does
not impose any noticeable problems for manipulation on a vibrating plate,
the pausing is generally problematic for many other acoustic manipulation
systems such as acoustic levitators, leading to significant control inaccuracy.
Such an argument potentially challenges the main objective of the thesis
regarding to controlled manipulation out of acoustic traps (see Section 1.1).

To address such an argument, we applied a more powerful real-time
control system to enable continuous manipulation of a particle on the plate
(Publication V). We coined the method “rapid mode-switching”, where the
switching between notes is performed faster than the time constant associ-
ated with the particle motion. We employed a high-speed controller, consist-
ing of an embedded controller (National Instruments, PXIe-8135) and an
arbitrary waveform generator (AWG) (National Instruments, PXI-5412),
to rapidly switch the frequency of the excitation during manipulation.
The implementation details of the high-speed controller are thoroughly
explained in Publication V.

We experimentally investigated the effect of rapid mode-switching on
the particle motion, as shown in Fig. 2.6. A pressed solder ball was placed
on the surface of the plate. The plate was then excited with a note that
moves the particle laterally towards the right edge of the plate (Fig. 2.6a),
and then the note was immediately switched to move the particle back
towards its initial position. While switching the note, the excitation of
the plate is inevitably paused for approximately 2 milliseconds due to
the hardware limitations of the controller. Figure 2.6b shows the motion
of the particle while the excitation signal is paused during the mode-
switching. The mode-switching did not stop the particle motion and the
particle still moved towards the same direction by its inertia (Fig. 2.6c).
After a while, roughly 73 milliseconds in this experiment, the particle
moved back towards its initial position. Even after stopping the excitation,
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Figure 2.6. Motion of a 600 µm pressed solder ball on the Chladni plate: (a) The plate is
excited with a frequency of 6271.93 Hz (the note G8) for 168 milliseconds, and
the particle moves to the right edge of the plate. For (a-d) the red dots show
the trails of the motion. (b) The excitation is paused due to mode-switching
for around 2 milliseconds, while the particle is still moving. (c) The particle
still moves by its inertia towards the direction of the first note for nearly 73
milliseconds, even though the second note is playing. (d) The particle moves
back towards its initial position by the second excited note (the note G#

7). (e)
Particle lateral position vs. time. Scale bar, 300 µm.

the particle still continued its motion for approximately 39 milliseconds.
Figure 2.6e shows the lateral position of the particle during the experiment.
This experiment shows that the mode-switching is performed considerably
faster than the time constant of the plate-particle interaction.

Figure 2.7. Manipulation of a 600 µm pressed solder ball on (a) a z-shaped, (b) a rectangle-
shaped, and (c) a triangle-shaped trajectory. Scale bar, 2 mm.

We have successfully demonstrated motion control of a particle using
the rapid mode-switching method, as shown in Fig. 2.7. A 600 µm pressed
solder ball was manipulated on different trajectories, including a z-shaped,
rectangle-shaped, and triangle-shaped trajectories. The high-speed control
method is also applicable to other types of particles with different shapes
and materials as well as more complex operations, similar to the publi-
cations I and II. It can also be potentially applied to other dynamic-field
methods, such as surface acoustic wave (SAW) devices, acoustic levitators,
and in-fluid acoustic devices.
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2.4.5 Chladni plate for particle levitation

Levitation of matter is important in biological studies [47, 48, 49], ana-
lytical chemistry [50], as well as material sciences [51]. For instance, it
is required for DNA transfection [52, 49], lab-on-a-chip applications [51],
and spectroscopy [53]. Among various levitation methods, acoustic levi-
tation has attracted wide interest as it is both contact-free and material-
independent, also without requiring laborious sample preparation [52].

The minimal hardware requirements for acoustic levitation is an axial
levitator, consisting of a vibrating source and a sound reflector, or a pair
of opposing vibrating sources [54]. An axial levitator can form a standing
pressure wave that can levitate and move an object towards a pressure
node and trap it. Several methods have been introduced to add more
degrees of freedom for acoustic levitation. For example, an axial levitator
can be installed on a translation stage to move the trapping point and
accordingly the trapped particle [55]. Two [56, 57] or four transducers [58]
has been used to move a particle laterally by tuning the phase of vibration.
Arrays of transducers has also been constructed to move the levitated
particles laterally in a line [59] or a plane [52]. The most fascinating results
have been achieved by using hundreds of on/off transducers allowing
independent manipulation of up to 25 particles [23]. However, all of
the methods suggest that more transducers should be added to obtain
more degrees of freedom, i.e., either an extra manipulation tool [55] or
multiple individually-controlled transducers are required to provide more
dexterity [25, 26, 22, 23].

In Publication IV, we used the vibrating plate, developed in Publication I
and a flat reflector to build an acoustic levitator, as shown in Fig. 2.8a-b.
Similar to axial acoustic levitators, our levitator is also able to levitate
particles at specific frequencies. The main advantage our method provides
is that by slightly tilting either the plate or the reflector, the levitation
position can be changed at different vibration frequencies. Such feature
enables frequency-dependent positioning of the particles in mid-air. Ad-
ditionally, the reachable area in the workspace can be further expanded
by exciting the plate with composite signals of two frequencies using
frequency-switching [42]. As a result, our acoustic levitator allows two-
dimensional manipulation of a levitated object in mid-air using just a
single transducer.

We have successfully manipulated an agglomerate of microspheres in
user-specific 2D trajectories using the levitator. First, the levitation posi-
tions (or acoustic traps) were collected for seven distinct actuation frequen-
cies in the range of 33.8-34.7 kHz and their combinations (see Publication
IV for more details). We then specified a trajectory consisting of waypoints,
and matched each waypoint to the closest levitation position that were
collected, resulting in a sequence of composite signals. Then the sequence
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Figure 2.8. Acoustic levitation system incorporating a Chladni plate: (a) Schematic of
the acoustic levitator where a particle is levitated and moved in user-specific
trajectory. (b) The experimental setup for acoustic levitation. (c) Manipulating
an agglomerate of microspheres resembling the letters of "AALTO".

of signals were played to levitate and move the agglomerate to follow the
desired trajectory. Figure 2.8c demonstrates five sequential trajectories
that resembling the letters of "AALTO".

This method of levitation addresses the research question 5 of the thesis
(see Section 1.1). Additionally, this method is unique compared to other
acoustic levitation methods taking into account that a single-transducer
acoustic levitator is able to manipulate an object in a user-specific 2D
trajectory by solely controlling the actuation signal. This method can po-
tentially boost the functionality of the existing acoustic levitation systems,
from simple particle trapping towards 2D or 3D particle manipulation
in mid-air. Despite its simplicity, it allows relatively complex operations
that can potentially benefit several applications in micro-assembly [60, 22],
material characterization [61, 62], and contactless biology [47, 48, 49].

2.5 Discussion

This chapter introduced the fundamental concepts of acoustic manipulation
and briefly reviewed the common acoustic manipulation techniques, and
also introduced a new concept for acoustic manipulation which allows
particle manipulation beyond the acoustic traps.

This chapter addresses the research questions 1, 2, 3, and 5 of the
thesis (see Section 1.1). It showed that the motion of an object can be
precisely predicted and controlled all over a vibrating plate including
the points that are out of the acoustic traps. It also introduced the first

18



Acoustic manipulation

acoustic manipulation method that does not require acoustic traps for
particle manipulation. Additionally, it introduced a control method that
can decouple the motion of multiple objects on a vibrating plate allowing
simultaneous and independent motion control of multiple objects. Finally,
this chapter introduced a method for levitating and translating particles
in mid-air using a vibrating plate.

Next chapter will focus on the acoustic techniques for particle handling
inside fluidic media, and present the contributions of this thesis in that
realm.
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3. Acoustic manipulation inside fluidic
media

Contactless handling of matter inside fluidic media has been the focus
of intense research in the last two decades [1]. Several operations inside
fluidic media, e.g., particle trapping, positioning, translating, revolving,
assembly, and sorting, are becoming increasingly demanded with numerous
applications in biological and pharmaceutical research [63, 10, 64], tissue
engineering [13], microsystem assembly [12], and lab-on-a-chip [1, 65].

Typically, state-of-the-art methods for contactless handling of particles
are based on electromagnetic principles [66, 67, 68]. They offer interest-
ing capabilities but also impose clear limitations in terms of force range
and/or inherent requirements of specific material properties. For instance,
magnetic techniques are mostly limited to magnetic particles. Optical tech-
niques need a transparent environment to operate, and can only generate
low forces in the 0.1-100 pN range [68]. Meanwhile, acoustic methods
bring certain features that are relevant for many in-fluid applications, e.g.,
material-independency and a larger force range.

Today, a plethora of acoustic methods exist for manipulating particles
inside fluidic media [1]. In this chapter, we briefly review those methods,
and introduce a novel method that enables two-dimensional manipulation
of particles on a submerged plate.

3.1 Sound in fluidic media

When an acoustic wave is propagated in a fluid containing particles, it
affects the particles by inducing two forces, namely the acoustic radiation
force and the acoustic streaming drag force [1]. These are second-order
effects, caused by nonlinearities in the governing physics. These acoustic
effects are the driving mechanisms of particle manipulation inside fluidic
media.

A propagating wave through a continuum scatters at any non-uniformity
it encounters. In acoustics, the non-uniformity normally comes from the
mass density or compressibility. When scattering, waves impart momen-
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tum to the scatterers and exert a net force over an oscillation period, named
acoustic radiation force, to the entire volume of the scatterer [29]. The
fundamental theory of the acoustic radiation force relies on a perturbation
expansion of the acoustic fields in the fluid. The theory has been evolved
in years by works of Rayleigh [69], King [70], Yosioka and Kawasima [71].
Later, Gorkov [72] described the radiation force Fr on a small spherical
particle in an inviscid fluid as the gradient of an acoustic potential U as,

Fr =−∇U , (3.1)

where
U = 4π
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where r is the particle radius, p1 and v1 are the first-order pressure and
particle velocity,

⟨︁|p1|2
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and
⟨︁|v1|2

⟩︁
are the mean squared pressure and

particle velocity at the object, ρ and κ are density and compressibility,
and the subscripts f and p denote the fluid and the particle, respectively.
As the size dependency scales with the cube of the radius, the induced
acoustic radiation force is strongly dependent on the particle size and thus,
as the particle diameter is reduced, the acoustic radiation force diminishes
rapidly.

At the smaller scales, e.g., below tens of micrometers, acoustic stream-
ing plays a more significant role in moving particles inside fluidic me-
dia [73, 74]. Acoustic streaming is defined as a fluid flow formed by viscous
attenuation of an acoustic wave [75]. Such fluid flow induces a drag force
on the particles inside the medium. The acoustic streaming drag force,
Fd, on a small spherical particle can be calculated from the stokes drag as
following,

Fd = 6πµrv2, (3.5)

where µ is the dynamic viscosity coefficient of the fluid, and v2 is the
second-order particle velocity (streaming velocity). Noticeably, several
regimes of acoustic streaming have been used to manipulate particles,
such as inner and outer boundary layer streaming [76, 77, 78], Eckart
streaming [79, 80], cavitation microstreaming [81, 82], and SAW-induced
streaming [83].

Now that the main acting forces in acoustofluidic devices have been intro-
duced, within the next section the state-of-the-art acoustofluidic techniques
for particle manipulation will be reviewed.
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3.2 Acoustofluidic manipulators

Similar to acoustic levitators, the minimal way of generating acoustic
standing waves inside a fluidic medium is to employ either two opposing
sound sources (Fig. 3.1a) or a sound source facing a sound reflector [31].
The sound source can be tuned to generate a half wavelength standing wave
(or a multiple thereof) inside a fluid-filled chamber or channel, enabling
particle manipulation towards nodes or antinodes of the standing wave.
Such configuration is commonly used in numerous biomedical and lab-on-
a-chip applications [1].

During the last decade, a progressive trend towards more dynamic and
reconfigurable devices has given rise to the development of several types
of acoustofluidic manipulators [1]. Broadly speaking, those manipulators
can be categorized into four groups: in-plane, beam, planar array, and
holographic, which are briefly introduced in this section.

Figure 3.1. Acoustofluidic manipulators: in-plane manipulators consisting of transduc-
ers arranged in (a) an opposing pair, (b) two orthogonal opposing pairs, or
(c) a circular array. (d) SAW device (Reprinted with permission from Na-
tional Academy of Sciences [10]). (e) Beam manipulator. (f) Planar array
manipulator. (a-c) and (e-f) Reprinted with permission from Royal Society of
Chemistry [1].

In-plane manipulators are characterized by transducers arranged in the
surrounding of a plane, forming standing waves and hence enabling parti-
cle manipulation in that plane. Figure 3.1a-c shows variants of in-plane
manipulators including transducers arranged in an opposing pair [84]
(Fig. 3.1a), two orthogonal opposing pairs [85, 86] (Fig. 3.1b), or a circular
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array [24, 87] (Fig. 3.1c). These manipulators normally operate at a reso-
nant mode of the device chamber or channel. Therefore, the manipulation
capability is limited to a fixed sequence of resonant patterns. Greater
manipulation flexibility can be obtained by changing the driving frequency,
and accordingly the resonant mode-shape, or the relative phase of the
transducer outputs [1]. In spite of that, independent manipulation of mul-
tiple particles is still not feasible. A more practical way of multi-particle
manipulation using such manipulators is employing a large number of
transducers to achieve more complex fields and operations, e.g., 64 trans-
ducers have been used to manipulate three particles independently and
simultaneously [24].

A popular type of in-plane manipulators incorporate two opposing pairs
of deposited interdigital transducers (IDT) electrodes onto a piezoelectric
substrate, known as surface acoustic wave (SAW) devices [88]. SAW de-
vices generate an acoustic field in the fluid by leakage of energy from the
surface of the substrate. Noticeably, a special type of SAW devices uses
chirped IDTs in which the electrode spacing is varied [10] (Fig. 3.1d). This
allows the expansion of the frequency range and hence a wide spectrum
of accessible standing SAW wavelengths, enabling a large manipulation
range. As a result, a single particle that is trapped in the pressure node
can be freely manipulated in two dimensions in user-specific trajectories.

Beam manipulators use propagating acoustic beams to trap and manip-
ulate particles, as shown in Fig. 3.1e. The earlier prototypes used two
counter-propagating focused beams to trap particles [89]. The main restric-
tion of that approach was the observation of the trapped particles due to
the presence of two relatively bulky transducers [1]. To resolve the imaging
issue, single-sided beam manipulators have been introduced which use a
focused high-frequency beam to trap particles [90]. Beam manipulators
have been used on a wide selection of particles including lipid drops [90]
and various particles [89, 91] and cells [92]. It should be noted that beam
manipulators can only trap particles, and once trapped, the particle can be
manipulated by physical movement of the transducer or using an array of
transducers [91].

Planar array manipulators (Fig. 3.1f) incorporate an array of transduc-
ers facing a single sound reflector. An array element can be excited by
a sinusoidal signal, creating a resonance in the direction normal to its
surface and trapping a particle. By slowly decreasing the sinusoidal input
amplitude of the element, and simultaneously increasing the amplitude of
its adjacent array element, a nearly constant acoustic force magnitude can
be applied to the particle in the lateral direction, moving the particle to-
wards the adjacent activated element. Therefore, by switching between the
array elements, the particle can be manipulated in a line [93] or plane [94]
parallel to the array elements. As a result, the planar array manipula-
tors allow parallel and independent manipulation of multiple particles.
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However, they have three weaknesses: (1) they can only create relatively
weak manipulation forces in pN range, (2) more transducers are required
to scaling up the device, and (3) the quality of imaging is normally poor as
the transducer surfaces are always imaged with the particles [1].

Recently, a new class of manipulators have been introduced that can
create complex acoustic fields, known as holographic manipulators [95]
(Fig. 3.2). They generate an acoustic wave using a single sound transducer
and pass it through a carefully-designed acoustic hologram, as shown in
Fig. 3.2a. The acoustic hologram is fundamentally a mask that is designed
based on the desired pattern of particles. The method allows generating
highly complex patterns, the most complex in the current state-of-the-
art. The created pattern can also be fixed by inducing UV light, enabling
fabrication via the assembly and fusion of particles [11] (Fig. 3.2b). They
can also form arbitrary patterns of cells [9], as shown in Fig. 3.2c. Despite
the impressive results obtained from holographic manipulators, it should
be highlighted that for each pattern, or manipulation task, a separate
acoustic hologram is required and should be fabricated. Thus, holographic
manipulators are essentially considered as a specific type of static-field
acoustic manipulators.

Figure 3.2. Holographic manipulators: (a) Holographic manipulators generate an acoustic
wave using a single sound transducer and pass it through an acoustic hologram
(Reprinted with permission from Springer Nature [95]). They enable (b)
the fabrication of objects via the assembly and fusion of Particles, and (c)
cell patterning. (b-c) Reprinted with permission from John Wiley & Sons,
Inc. [11, 9].

3.3 Particle manipulation on submerged vibrating membranes

Submerged vibrating membranes (Fig. 3.3) have been used for particle
manipulation inside a fluidic medium. Even though they have similarities
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Figure 3.3. Schematic of a submerged Chladni plate: A plate is mounted on a piezoelectric
actuator and submerged in a water tank. A computer generates a signal that
excites the submerged plate and moves the particles on the plate towards the
antinodes. The white dashed lines represent the nodal lines. Reprinted with
permission from Publication III.

with the methods explained in Section 3.2, especially with the SAW devices,
they are sufficiently different to warrant a separate discussion. Instead
of using IDTs in SAW devices, the membrane is normally vibrated by a
piezoelectric element [73] or a coated piezoelectric layer [96].

There exists several modes of motion on a vibrating plate. At macroscale
in a gaseous environment where gravity is generally dominant, parti-
cles move towards the nodes of vibration (see Section 2.4.1). In con-
trast, at micro- and nanoscale acoustic streaming plays the dominant
role [73, 96, 74], which can move particles either to nodes or antinodes.
This was first observed by Chladni himself. He reported that very fine
particles, shavings from his violin bow, move to the antinodes of vibra-
tion and form inverse Chladni patterns [14]. Later, Faraday showed that
this behavior was caused by air currents, or acoustic streams, in the
vicinity of the plate [17]. The behavior shifts again at nanoscale, where
nanoparticles are found to move to the nodes of vibration due to acoustic
streams [73]. To summarize, it is commonly believed that for heavy parti-
cles at macroscale Newtonian forces dominate, leading to regular Chladni
patterns; for light particles at microscale Stokesian forces dominate, lead-
ing to inverse Chladni patterns; and at nanoscale Stokesian forces direct
the particles towards nodal lines and form regular Chladni patterns. All
the previously-reported experiments support this dominant view.

In Publication III, we reported a discovery that contradicts to this dom-
inant view. We observed that when heavy particles, i.e., sub-mm glass
beads, are placed on a submerged Chladni plate, they move towards the
antinodes of vibration. This is fundamentally a new mode of motion on a
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Figure 3.4. (a) Experimental and theoretical resonant patterns: In the experimental fig-
ures (first row), the black dashed lines are overlaid for better visualization of
the nodal lines. In the theoretical figures (second row), the time-averaged hor-
izontal effective weight 〈W||〉 (arrows) is overlaid on the theoretical vibration
amplitude δ, where the force points towards the antinodes. (b) Experimental
and theoretical non-resonant patterns: In the experimental figure, arrows
show the vortex-like motion path. It follows that the adjacent resonant pat-
terns, which are underlaid in the experimental figure, affect the path of the
vortex-like motion. Scale bar, 10 mm. Reprinted with permission from Publi-
cation III.

vibrating plate, completing the aforementioned view.
We performed the experiments using an apparatus quite similar to the

one reported in Section 2.4.1, as shown schematically in Fig. 3.3. It consists
of a centrally-actuated vibrating plate submerged in a water tank. The
vibrating plate has dimensions of 50 mm × 50 mm × 500 µm, diced from a
silicon wafer and glued on a piezoelectric actuator. Glass beads (nominal
diameter 750 µm) were used as manipulation specimens. The particles and
plate were imaged from above by a video camera. The plate was excited
with sinusoidal signals at a frequency of 523–29834 Hz.

We firstly investigated the motion patterns at resonant frequencies of the
plate, both experimentally and theoretically. First, the anti-nodal regions,
underlaid by the hot colour in Fig. 3.4a, were theoretically computed
by solving inhomogeneous Helmholtz equation for a centrally-actuated
plate, similar to [45]. At resonant frequencies, the experiments show
that particles move towards the computed anti-nodal regions of the plate
and form inverse Chladni patterns, as shown in the first row in Fig. 3.4a.
Therefore, we conclude that heavy particles gather at the antinodes of
vibration on a submerged Chladni plate.
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Although resonant patterns can be modelled theoretically, the existing
theoretical methods are not able to explain the non-resonant patterns, as
is evident from Fig. 3.4b. Notably, in specific non-resonant frequencies,
particles move in a global or local vortex-like trajectory, in the manner of a
farandole dance. Unlike the experimental evidence, theoretical methods
do not explain any vortical motion of particles on the plate.

3.3.1 Mechanisms of motion

Two distinct mechanisms drive the particles towards the antinodes, as
shown in Fig. 3.5. The first mechanism involves the acoustophoretic motion
of particles towards the anti-nodal regions of vibration [97]. The second
mechanism is triggered by vibrational acceleration of the plate where the
particle mostly remains in contact with the plate [98]. The combination of
these forces leads to the motion of the particles that is mostly sliding or
rolling on the plate surface with occasional bouncing.

The first mechanism involves the acoustophoretic motion of particles,
including acoustic radiation and acoustic streaming drag forces [97]. How-
ever, since we manipulate heavy and large particles, acoustic streaming
does not contribute significantly in our system [74]. We calculated acoustic
radiation force Fr by employing the method explained in [97], and showed
that it points towards the antinodes.

In the second mechanism, when the vibrational acceleration is sufficiently
low and the particle remains in contact with the plate, the vibrational
motion of the plate affects the particle’s effective weight W,

W(x, y, t)=−m[g+ z̈(x, y, t)]−Fdz, (3.6)

where (x,y) denotes the spatial location of the particle on the plate, m the
mass of the particle, g the gravitational acceleration, Fdz the vertical drag
force, and z the vertical deflection of the plate at (x,y). The vertical drag
force can be calculated from Stokes’ law as follows,

Fdz = 6πµrż, (3.7)

where r and µ denote the radius of the particle and the dynamic viscosity
of the fluid, respectively.

The effective weight can be split into two components: a component
perpendicular to the plate W⊥, and a component parallel to the plate W||.
W⊥ is balanced by the normal force Fn on the particle, and W|| gives the
particle an acceleration along the surface.

The acting forces are shown in Fig. 3.5 in four possible occasions in
a vibration circle. In Fig. 3.5a-b the particle is accelerating upward, so
|W| > mg, whereas in Figs. 3.5c-d, the particle is accelerating downward,
and |W| < mg (Note: the thick arrows in Fig. 3.5 show the direction of the
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plate vertical motion, not acceleration). Therefore, the parallel component
of W to the plate (W||) is larger in upward motion compared to downward
motion, and averaged over a complete vibration cycle, points towards the
antinodes. We calculate the time-averaged of such force over a vibration
cycle as below,

〈W||〉(x, y, t)= ω

2π

∫ ω
2π

0
W(x, y, t)

dz(x, y, t)
dx

dt, (3.8)

where ω denotes the angular velocity of vibration and t represents time. It
should be noted that, the drag force Fd acts in a direction that is opposite
to the motion of the particle during the whole vibration cycle.

Figure 3.4a, second row (arrows), shows the computed 〈W||〉 overlaid on δ.
The results show that 〈W||〉 is oriented towards the antinodes of vibration
as well.

Figure 3.5. Acting forces on a particle on the submerged Chladni plate at four moments
during a vibration cycle where in (a) and (b) the vibrational acceleration is
upward and the lateral effective weight (〈W||〉) is larger than in (c) and (d)
where the vibrational acceleration is downward. The acoustic radiation force
Fr points towards the antinodes, and the drag force Fd acts in a direction that
is opposite to the motion of the particle during the whole vibration cycle. The
thick arrows show the direction of the plate vertical motion. Reprinted with
permission from Publication III.

3.3.2 Modelling the motion

To quantitatively predict the motion of particles on the plate, especially
in non-resonant frequencies, a data-driven modelling method similar to
Section 2.4.2 was applied. The driving frequencies were picked from
chromatic musical scale in the range of 500 to 30000 Hz resulting in 71
distinct frequencies, or notes, including both resonant and non-resonant.
Then, for each note, a model dn(x,y) was built that can estimate the motion
of particles at a given location and frequency,

(∆x,∆y)=dn(x, y)+rn(x, y), (3.9)
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where ∆x and ∆y denote the measured displacement of the particle in x
and y directions, and dn and rn the modelled displacement and uncertainty
for the note n, respectively. The uncertainty rn can be estimated by calcu-
lating the difference between the measured and expected displacement.
Consequently, rn determines how random the motion would be at location
(x,y) after playing note n. We applied line integral convolution [99] to
visualize the displacement fields by evenly-spaced streamlines (Fig. 3.6,
first column).

Figure 3.6. Modelled displacement fields: the first column shows the evenly-spaced
streamlines of the displacement field dn(x, y) at 4978 and 14917 Hz. The
second column shows the divergence of the displacement field underlaid below
the modelled displacement vector field, whereby the red and blue regions rep-
resent the nodal and anti-nodal regions of vibration, respectively. The third
column shows the signed magnitude of curl, overlaid on the corresponding
displacement field. Inset X indicates a spot with a clockwise vortical motion.
Reprinted with permission from Publication III.

The nodal/anti-nodal and vortical regions of the motion can be identified
mathematically from the divergence and curl of the displacement field,
respectively, as follows,

∇·dn = ∂u
∂x

+ ∂v
∂y

, (3.10)

∇×dn = (
∂v
∂x

− ∂u
∂y

)k̂, (3.11)

where u and v are the displacement components in x and y directions.
Local minima of the divergence represents the anti-nodal regions, and
local maxima of the divergence represents the vibrational nodal lines, as
shown in the second column in Fig. 3.6. The curl of dn represents the
magnitude and direction of a vortex, whereby a positive value represents
a clockwise vortical motion, and a negative value represents a counter-
clockwise vortical motion of the particles, as shown in the third column in
Fig. 3.6.
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3.3.3 Controlling the motion

The modelled displacement fields provide detailed information about the
particle motion at different excitation frequencies. This allows manipula-
tion of particles to achieve complex operations, such as moving a particle
in a maze, and following specific trajectories. To direct the particle on a
predefined trajectory, the trajectory is split into a set of waypoints, and the
particle is manipulated towards its current waypoint using a closed-loop
control method based on linear programming, similar to Section 2.4.3. We
have successfully manipulated a 750 µm glass bead on a maze-shaped
trajectory (Fig. 3.7a).

We have also applied our method to manipulate multiple particles si-
multaneously and independently. Two particles were simultaneously ma-
nipulated on two predefined trajectories resembling the letters of L and
C (Fig. 3.7b). Each trajectory was split into a set of waypoints, and the
particle was moved towards its current waypoint, similar to the maze
experiment. When both of the particles reached their current waypoints,
the algorithm directed the particles towards the next waypoints.

Besides single particle manipulation, we have also successfully demon-
strated merging, transportation and separation of a swarm of particles
(Fig. 3.7c). The experiment started by placing a swarm of particles near
the start location on the plate. Then, a proper note was selected from the
displacement field database to merge the particles together. Afterwards,
several notes were carefully selected and played to transport the swarm
towards the centre of the plate, aggregate the particles together again,
transport them towards the splitting location, and split them into two
distinct groups.

3.4 Discussion

This chapter introduced the fundamental concepts of acoustic manipulation
inside a fluidic medium. It then briefly reviewed the common acoustofluidic
manipulators, and also introduced a new method for acoustic manipulation
inside fluidic media.

This chapter addresses the research question 4 of the thesis (see Sec-
tion 1.1). It showed that the surrounding medium affects the particle
manipulation on a vibrating plate by changing the dominant forces that
apply to the particles. Unlike in a gaseous environment that the gravity is
the dominant force at macroscale, in a fluidic medium the acoustic radia-
tion force and the lateral component of the effective weight are the main
acting forces. As a result, unlike the gaseous environments that the heavy
particles move towards the nodal lines, in fluidic media the heavy particles
move towards the antinodes.
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Figure 3.7. Manipulation of single particles and a swarm of particles: (a) Manipulation
of a 750 µm glass bead on a maze-shaped trajectory. (b) Simultaneous and
independent manipulation of two 750 µm glass beads on two predefined
trajectories resembling the letters of L and C. (c) Manipulation of a swarm
of particles: placing multiple particles on the plate, aggregating them into a
bundle, transporting the swarm of particles towards the centre and then to
the splitting location and splitting them into two clusters of particles. Scale
bar, 10 mm. Reprinted with permission from Publication III.

We emphasize that this chapter has several contributions to the research
field. First and foremost, it provided solid experimental evidence that
heavy particles on a vibrating plate can move towards the antinodes of
vibration and form inverse Chladni patterns. Additionally, it introduced a
novel method for manipulating single particles and a swarm of particles on
a submerged vibrating plate, allowing agglomerating a swarm of particles,
and then splitting the agglomerate into clusters, which was not possible
with the previous acoustic techniques.
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The next chapter will present the modelling approaches that can be used
to control the particle motion in dynamic acoustic fields, and present the
contributions of this thesis in that realm.

33





4. Model-free acoustic manipulation

Acoustic manipulators typically require models that can estimate the
motion of particles as a result of the excitation of a particular acoustic
field. Generally, there exists three types of modelling approaches in control
systems: first-principle modelling, data-driven modelling, or a hybrid of
the two. This chapter reviews the use of first-principle and data-driven
modelling approaches in acoustic manipulation. Later, it introduces a
model-free control method that can control the motion of particles over a
vibrating plate without having a prior model of the motion.

4.1 First-principle modelling

First-principle models are fundamentally the models that are directly
derived from established science. Such perspective towards modelling
borrows its logic from several schools of philosophy, most notably Aris-
totelianism and Kantianism. First-principle models generally rely on basic
and fundamental laws of physics such as force balance, mass balance,
energy balance, heat transfer relations, and so on.

In acoustic manipulations systems, the governing physical equations
involve several realms of science including fluid dynamics, solid mechan-
ics, and electrostatics [100]. The equations in fluid dynamics consist of
mass conservation described by the continuity equation, and momentum
conservation described by the Navier-Stokes equations. The governing
equations in solid mechanics involves the conservation of momentum and
strain-stress relation for isotropic and anisotropic materials. Electrostatics
and piezoelectric coupling are also relevant to first-principle modelling of
acoustic manipulation systems, as those systems normally use piezoelectric
effect for generating the acoustic fields. In addition, perturbation theory
has been commonly employed to linearize the governing equations and
calculate the first and second-order pressure and velocity fields [100, 29].
Those fields are then used to compute the two main acoustic forces, acous-
tic radiation force and acoustic streaming drag force (see Section 3.1).

35



Model-free acoustic manipulation

Eventually, the motion of particles is determined by Newton’s second
law [100, 97]. Modelling the motion of particles in acoustic manipulation
systems is clearly a highly complex problem, as several domains of physics
are involved. At the boundary between a piezoelectric device and a fluid,
the pressure in fluid couples with the displacement of the solid, which
in turn couples with the electric potential [100]. All of these may vary
in each of the three dimensions, making an analytical approach quite
challenging. Therefore, the aforementioned equations are typically used to
form a boundary value problem that is ultimately solved using numerical
approaches [100].

In acoustic manipulation systems, first-principle models provide several
advantages compared to data-driven models. The first main advantage of
those models is their probing and measuring possibilities. For instance,
the acoustic pressure can be difficult to measure experimentally in a
non-interfering way, especially when large gradients are involved at high
frequencies. In first-principle models, however, the acoustic pressure field
can be fully captured temporally and spatially [100]. Another aspect of
first-principle models is their applicability in the optimization of the device.
They enable examining the device designs for a vast parameter-space that
cannot be feasibly tested by repeated manufacturing and experimenta-
tion [100].

The state-of-the-art acoustic manipulation methods dominantly use first-
principle models to predict the particle motion [101, 102, 103, 104, 105,
106, 107, 97, 108, 109, 110, 111, 112, 113]. In particular, they are used
to estimate the positions of the trapping points, i.e., nodes or antinodes.
Those models possess different levels of complexity, and the selection of
the model depends on the required accuracy for a specific application.
Currently, there is an active line of research on developing accurate models
of acoustic manipulation systems using first-principle modelling approach;
however, many challenges still remain unsolved.

A drawback of first-principle modelling approach is that it becomes quite
complex for non-idealized acoustic manipulation devices, especially with in-
tricate geometry and anisotropic materials [100]. Moreover, first-principle
models involve major assumptions and simplifications, e.g., fluids are as-
sumed Newtonian, higher-order fields in perturbation series are neglected,
and boundary conditions are often simplified [100]. Such simplifications
generate model inaccuracies that would potentially result in inaccurate or
failed manipulations.

4.2 Data-driven modelling

Data-driven modelling approach relies on empirical data and statistical
methods to build relationships between input and output data. Its counter-
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part in philosophy is empiricism, a theory that states that knowledge comes
only or primarily from sensory experience, attributed to major philoso-
phers such as Francis Bacon, John Locke, and David Hume. Compared to
first-principle models, they normally provide superior estimation power
especially for complex systems, but inferior explanatory power.

Even though the data-driven modelling approach has been widely used in
various fields of research, the research community in acoustic manipulation
has not yet properly benefited from this approach. Considering the problem
of acoustic manipulation and its inherent complexities for first-principle
modelling, data-driven modelling approach can offer several advantages,
particularly excellent estimation power for motion control. The author
speculates that ignoring such modelling approach in the community is
due to the fact that the active research groups in this field are mostly
with backgrounds in theoretical physics or mechanical engineering, thus
mainly focusing on theoretical methods for modelling their systems and
applications.

In acoustic manipulation, the use of data-driven models was just recently
suggested, in Publication I of this thesis, for predicting the particle motion
on a Chladni plate, and applied in a series of works afterwards in the
publications I, II, III, IV, and V. Such models are based on experimental
data that relate the input excitation signals to the resulted motion of
particles. In those experiments, tens of particles are distributed in the
whole workspace, and their motion after exciting the acoustic field at
different frequencies are recorded. However, collecting such experimental
data requires a significant amount of effort, which is time-consuming and
could be practically challenging for certain acoustic manipulation devices.

4.3 Model-free control

Model-free control involves learning to perform a task or to achieve a goal
without a priori knowledge about the task or what actions to take. Instead,
the agent discovers which actions yield the best results by trying them
and measuring the quality of the results. The resulted quality is then
transferred to the agent by a numerical reward signal. Ultimately, the
agent tries to find a control policy that maximizes the reward and thereby
optimizes the task performance according to the resulted quality.

This section introduces a novel model-free control approach to tackling
the problem of modelling in acoustic manipulation systems. The acoustic
manipulator is considered as a robotic system, enabling us to leverage
recent advances in machine learning for optimal robot control. The manip-
ulation problem is then formulated in a Markov decision process (MDP)
framework [114]. Eventually, a model-free control method is applied that
operates based on reinforcement learning (RL) and can learn the optimal
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policy for controlling the particle motion. As a proof-of-concept, the method
is applied to control the motion of multiple particles on a vibrating plate.

4.3.1 Problem formulation

Regardless of the hardware, we can formulate the problem of manipulating
a particle towards a target point subjected to dynamic force fields in an
MDP framework. An MDP is described by the tuple 〈S ,A , p,R,γ〉 with a
continuous set S of states, a finite set A of actions, a transition probability
function p, an immediate reward function R, and a discount factor γ. In a
vibrating plate, the two-dimensional positions of the particles on the plate
represent the state of MDP, and the actuation signal frequency denotes
the action. The transition probability function p sets the probability that
action At (playing a signal with a specific frequency) in state St at time t
will lead to state St+1 at time t+1 as follows,

p(s,a)=P[St+1 = s′ | St = s, At = a], (4.1)

where s and a represent the state and the action at time instant t, and s′

denotes the next resulted state. Here, the transition probability function p
describes the stochastic motion of the particles on the plate subjected to
plate vibration at a specific frequency.

An immediate reward function R : S ×A ×S →R is defined assigning a
reward R(s,a, s′) every time a transition from s to s′ occurs after taking
action a. The immediate reward R is assigned based on the projection of
the displacement vector over a vector that connects the current particle
positions to the target locations. We also fix a discount factor γ ∈ [0,1]
which discounts the future rewards compared to the immediate reward.
We define the return G t as the total discounted reward from time-step t as

G t =
∞∑︂

k=0

γkRt+k+1. (4.2)

A policy π : S →A is defined as a distribution over actions at each given
state. The policy function π sets the probability that action a is selected at
state s at any time t as follows,

π(a | s)=P[At = a | St = s]. (4.3)

We define an action-value function Q, or the Q-value function, which is
the expected return given state s and action a under policy π as

Qπ(s,a)= Eπ [G t | St = s, At = a] . (4.4)

Solving the MDP involves determining a policy π∗ that maximizes the
action-value function Q(s,a) where the optimal action-value function Q∗ is
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the maximum action-value function over all policies as

Q∗(s)=max
π

(Q(s,a)). (4.5)

The optimal action-value function represents the expected total dis-
counted reward along a trajectory starting at state s obtained by choosing
a as the first action and following the optimal policy thereafter. The optimal
policy is then defined as

π∗(s)= argmax
a∈A

Q∗(s,a). (4.6)

The optimal policy gives the best possible action a at state s, which
is essentially a map between the positions of the particles (state) and
the frequency of the excitation signal (action). We then use the acquired
optimal policy in a closed-loop control scheme to manipulate particles
toward the desired target points.

4.3.2 Control method

We use reinforcement learning algorithms to solve the MDP for acoustic
manipulation. In particular, we use an algorithm similar to Neural Fitted
Q Iteration (NFQ) [115], which is a variant of Q-learning algorithm with a
neural network function approximator. The algorithm consists of two major
phases: the generation of the training set E , and regression of action-value
function Q within a multi-layer neural network.

The training process is performed in several episodes of experiments
by interacting with the real or simulated system. In every episode, the
particles are placed close to the starting position. Then, the plate is excited
with various actions for a finite number of steps Nt. In every step, the
action is chosen using an ϵ-greedy algorithm, and the resulted state s′ and
the immediate reward are calculated for the experience 〈s,a, s′〉.

To estimate the optimal action-value function Q∗, we use a two-layer feed-
forward neural network with sigmoid hidden neurons and linear output
neurons for each note. The input tuple input of each training network
consists of the state sl and the action al of the training experience l. The
output value is computed by the sum of the immediate reward R and the
expected maximal trajectory rewards for the successor state s′, computed
on the basis of the current estimate of the action-value function Qk as
follows,

outputk
t ← R+γargmax

b∈A

Qa
k−1(s′,b), (4.7)

where k represents the episode number. After every episode of training,
the networks Qn for all actions are updated using Levenberg-Marquardt
(LM) backpropagation method. We observed that Qn converges after a
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certain number of episodes which gives us an approximation of the optimal
action-value function Q∗.

A closed-loop controller is used to control the motion of particles on the
plate based on the acquired optimal policy. Before starting the control
experiments, the learning experiments are performed, either with the real
hardware or a simulator, to collect the required learning datasets. After
that, the optimal policy π∗ is computed for the manipulation task. Then,
the acquired policy is transferred to an embedded real-time controller.
During the control experiment, the manipulation specimens are placed
on the plate and the top-view of the plate is captured with a camera to
measure the positions of the objects. In every step, the acquired policy is
used, similar to Equation 4.6, to choose a note that moves the particles
on the optimal trajectory. After playing the best note, the position is
sampled again and the calculations are repeated for the new state, until
the particles reach to their target locations.

4.3.3 Results

To avoid excessive interaction with the real hardware, we build a sim-
ulation framework that replicates a Chladni plate similar to the exper-
imental platform, simulating the transition probability function p (see
Equation 4.1).

We used the simulation experiments to acquire the learning curves of the
system. After each episode, the action-value neural networks were trained
according to the learning algorithm, and the trained networks were stored.
Figure 4.1a shows the evolution of the Q-value function for a specific
action ( f = 9956 Hz) after 10, 50, 100, 150, and 200 episodes of training.
The Q-value function converges and stabilizes after several episodes of
training. Notably, the Q-value function after 150 and 200 episodes of
training remains relatively unchanged. To quantify the convergence of the
Q-value function, we introduce the error δQ which calculates the difference
between the Q-value function after k episodes of training Qk and QN , i.e.,
the Q-value function at the end of the training experiments, as follows,

δQ = 1
L ·H

∫︂∫︂

M
|QN −Qk|dx d y, (4.8)

where x and y represent the two dimensions of the motion, L and H denote
the side length and width of the plate, and M represents the manipulation
space, that is, a sub-space of the state space covering a selected neigh-
borhood of the starting and target positions. Figure 4.1b shows δQ for a
specific action ( f = 9956 Hz) after k episodes of training. As Fig. 4.1b shows,
δQ generally decreases with more episodes of training, demonstrating the
convergence of the Q-value function.

We then performed a control experiment using the acquired policy af-
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Figure 4.1. (a) Evolution of the Q-value function: the plots show the Q-value function for a
specific action ( f = 9956 Hz) after 10, 50, 100, 150, and 200 episodes of training.
The function converges and stabilizes after several episodes of training. (b)
δQ vs. episode number: δQ generally decreases with more episodes of training,
showing the convergence of the Q-value function. (c) Learning curve: the blue
line shows the accumulated reward vs. episode number during a point-to-point
manipulation experiment. The black lines guide the eye in (b) and (c).

ter each episode, and recorded the accumulated reward after 60 control
steps. Figure 4.1c shows the accumulated reward that the system gains
during point-to-point control experiments after each training episode. It
shows that the performance of the controller improves with the number of
episodes. In this particular example, the agent learns the optimal policy
after approximately 50 episodes of training, which is equivalent to approxi-
mately 46 minutes of training experiments with the real hardware. Using
the data-driven modelling methods, explained in the publications I and II,
similar manipulation task requires almost 390,000 data points for training,
while the model-free controller needs just 5,500 training data points, which
is a significant reduction in the required effort for the data collection.

We have successfully demonstrated motion control of a single particle
using the closed-loop controller, as shown in Fig. 4.2. First the simulation
framework was used to learn the optimal policy, then the acquired policy
was transferred to the embedded controller. We performed the experiments
for the policies after 10, 50, and 200 training episodes. According to the
experiments, the control was unsuccessful after 10 episodes of training
(Fig. 4.2a). Nevertheless, the performance of the controller enhanced
after 50 episodes of training and the controller successfully performed
the manipulation task in 44 seconds (Fig. 4.2b). After 200 episodes of
training, the controller could successfully perform the task in only 18
seconds (Fig. 4.2c).

The system is also capable of learning to manipulate multiple particles
simultaneously. We have successfully demonstrated motion control of two
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Figure 4.2. Manipulation of a 600 µm pressed solder on the plate: (a) The manipulation
task is unsuccessful after 10 episodes of training. (b) Manipulation is suc-
cessful after 50 episodes of training. (c) After 200 episodes of training, the
controller could successfully perform the task more than two times faster than
experiment (b). Scale bar, 10 mm.

(Fig. 4.3a) and three (Fig. 4.3b) particles on the plate, for the computed
policies after 2,000 and 50,000 training episodes, respectively.

4.3.4 Discussion

This chapter addresses the research question 6 of the thesis (see Sec-
tion 1.1). It introduces a novel method that allows controlled manipulation
of single and multiple particles on a vibrating plate without having a prior
model of such motion.

The proposed control method can also be potentially applied to several
other dynamic-field acoustic manipulators. Fundamentally, particle ma-
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Figure 4.3. Simultaneous manipulation of (a) two and (b) three 600 µm pressed solder
balls on the plate. Scale bar, 10 mm.

nipulation in several other dynamic-field acoustic devices is similar to a
Chladni plate, i.e., typically there is one or several acoustic sources that
can generate diverse acoustic fields to move particles similar to a Chladni
plate. Thus, it can be hypothesized that our control method is generally
realizable for those systems. To give a few examples, our method is hy-
pothetically applicable to SAW devices, acoustic levitators, and in-fluid
acoustic devices, especially where accurate theoretical modelling of the
acoustic field involves major challenges and difficulties.

Even though model-free control and reinforcement learning have been
broadly applied to many macroscale robotic applications [116], those meth-
ods have been barely applied to microrobotics except for a few contact
micromanipulation systems [117, 118, 119], as well as a simulation study
in optical manipulation, where optical fields are highly local [120]. Robot
learning algorithms have never been applied to field-based micromanipu-
lation systems before, where the excitation field is global, and this work
is the first attempt that combines the two realms of robot learning and
field-based micromanipulation. Therefore, this method will potentially
benefit other forms of field-based manipulation systems regardless of the
actuation type, such as magnetic and electrostatic, by introducing the ap-
plicability of robot learning algorithms. In particular, our control method
would be broadly applicable to the systems where the untethered robots,
with no on-board sensing and computing, are either directly manipulated
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or manipulating other objects indirectly.
The next chapter will conclude the thesis and discuss several potential

research directions for the future.
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5. Conclusions and outlook

Acoustic manipulation has emerged as a promising technique for contact-
less transporting and handling of matter, and has been used in a wide
spectrum of scientific and technological applications, such as the biomed-
ical research, particle manipulation, pattern formation, microassembly,
and lab-on-a-chip. This thesis has made several contributions to the re-
search field of acoustic manipulation. This chapter summarizes those
contributions and proposes several potential research paths for the future.

5.1 Conclusions

First and foremost, the thesis challenged two common beliefs related to
Chladni’s experiment, and provided solid experimental evidence. First, it
showed that the motion of particles on a vibrating plate is not random,
and can be statistically predicted and controlled (Publication I). Second,
the thesis experimentally demonstrated that heavy particles can move
towards the antinodes of vibration on a vibrating plate (Publication III).

The thesis introduced a new perspective on acoustic manipulation meth-
ods, suggesting that motion control out of the acoustic traps is feasible,
where the objects can be manipulated directly using the acoustic force
field instead of the trapping points or lines. The idea has been applied
to acoustic manipulation on a vibrating plate in two environments, in
ambient air (Publication I) and underwater (Publication III). It should be
noted that out-of-trap manipulation has major benefits compared to the
classic acoustic manipulation methods, as it considerably simplifies the
required hardware. For instance, in Publication I a single actuator has
been used to simultaneously control the motion of up to six particles in two
dimensions, a new world record of how many independent motions can be
controlled by a single transducer.

Previously, despite the remarkable achievements of the state-of-the-art
methods in controlling the motion of miniature objects, it remained a
grand challenge to control the motion of multiple objects independently
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and simultaneously. Only limited successes were achieved in independent
motion control of multiple objects, mostly by designing miniature objects
with distinct properties. The thesis reported a novel method in the publica-
tions I and II that attacks the problem from a different angle. It proposed
that we can employ a spatially highly nonlinear excitation field, which
is still global, to achieve independent and simultaneous manipulation of
multiple objects. This enables manipulation of multiple particles using a
global field created by a single control input, i.e., the excitation frequency
of an acoustic source. The method allows complex operations, such as
multi-particle manipulation on user-specific trajectories, pattern formation
and transformation, and particle sorting.

In Publication VI, the thesis introduced a model-free control method
based on reinforcement learning for dynamic-field acoustic manipulation
devices. In this method, the controller does not need a prior knowledge of
the acoustic field and learns the optimal control policy for each manipula-
tion task by merely interacting with the acoustic field. The thesis reported
the successful implementation of the method to a Chladni plate, allowing
manipulation of single and multiple particles towards target locations on
the plate surface. The method is not limited to the Chladni plate and can
be potentially applied to a broad range of acoustic manipulation devices as
well as other forms of field-based manipulation systems, where accurate
theoretical or data-driven modelling of the field is challenging.

Furthermore, the thesis presented a technique for continuous acoustic
manipulation using a real-time controller (Publication V). The technique
has been applied to a vibrating plate, but is not limited to it, and is
applicable to a wide range of acoustic manipulation devices.

Finally, the thesis reported the application of a vibrating plate in an
acoustic levitation system (Publication IV). The reported acoustic levitator
consists of the vibrating plate developed in Publication I and a flat reflector.
By slightly tilting the plate and using composite signals of two frequencies,
the acoustic levitator enables two-dimensional manipulation of a levitated
object, e.g., an agglomerate of microspheres, in user-specific 2D trajec-
tories in mid-air. This method has great potential for simplification of
acoustically-levitated manipulation systems, as it requires only a single
transducer.

5.2 Outlook

Considering the contributions of the thesis and the current state of the re-
search field, the author suggests the following potential research directions
to proceed:

1. The proposed techniques in the thesis enable manipulation of particles
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in the size range of hundreds of µm. If the hardware could be miniatur-
ized for handling microscale particles [96] and similar modelling and
control approaches could be applied in that size range, it may constitute
a key technology for handling individual microparticles in biomedical
and lab-on-a-chip applications. Several changes would be required to
the hardware to achieve such aims though. The vibrating membrane
should be miniaturized, and the excitation frequency should be increased
to the range of hundreds of kHz to several MHz. Therefore, several mod-
ifications to the electronics are also inevitable, e.g., a different voltage
amplifier is required to be able to operate in that frequency range.

2. The thesis has shown the feasibility of formation and transformation
of user-specific patterns composed of a handful of particles. The author
envisions that more advanced learning and control methods can be em-
ployed to enhance the dexterity of the system, enabling the formation
of user-specific patterns composed of tens or hundreds of particles. For
instance, deep reinforcement learning has recently gained major atten-
tion as a learning method for problems involving complex sequential
decision making and high-dimensional inputs [121, 122], similar to the
problem of sequential pattern formation by manipulating hundreds of
particles. Therefore, the author speculates that the desired shapes could
be autonomously formed from particles using such advanced learning and
control methods. This would potentially change the perspective towards
matter forming in the future and shift the manufacturing paradigm.

3. The methods of this thesis have been solely applied to a vibrating
plate, e.g., the modelling and control methods in the publications I, II,
and III; the real-time control method in Publication V, and the model-
free control method in Publication V. Those methods are not limited to
vibrating plates nor to acoustic fields, and can be transferred to other
acoustic manipulators, such as acoustic levitators and acoustofluidic
manipulators; as well as other forms of field-based micromanipulation
techniques regardless of the actuation type, such as electrostatic and
magnetic. The main requirement is that the field-based manipulator
should be able to form highly complex and nonlinear excitation fields.

4. Transportation and handling of single and multiple droplets has nu-
merous applications in fast analytical systems [123, 124], the synthe-
sis of advanced materials [125], protein crystallization [126], biological
assays [127], and microfluidic logical circuits [128]. Vibrating plates,
similar to the one reported in this thesis, can be employed to perform ma-
nipulation tasks in those applications, such as movement, mixing, sorting,
and separation of droplets. However, the surface of the plate would re-
quire certain physical or chemical modifications, e.g., superhydrophobic
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surfaces [4] or slippery liquid-infused porous surfaces (SLIPS) [129, 130]
can be used. Vibrating plates of different sizes and materials, e.g. metal,
alloys, polymer, ceramic, can be also tested to achieve effective excita-
tion. Moreover, the hydrodynamic effects and the liquid-liquid and the
liquid-solid interactions should be also considered and investigated in
those droplet manipulation systems.
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