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1 Abstract

The advent of micro/nanorobotics promises to transform the physical, chemical, and bi-
ological domains by harnessing opportunities otherwise limited by size. Most notable is
the biomedical field in which the ability to manipulate micro/nano particles has numerous
applications in biophysics, drug delivery, tissue engineering, and microsurgery.

Acoustics, the physics of vibrational waves through matter, offers a precise, accurate,
and minimally invasive technique to manipulate microrobots or microparticles (stand-ins for
microrobots). One example is through the use of flexural vibrations induced in resonant
structures such as Chladni plates.

In this research, we developed a platform for precise two-dimensional microparticle ma-
nipulation via acoustic forces arising from Chladni figures - nodal patterns - and resonating
microscale membranes. The project included two distinct phases: (1) macroscale manipula-
tion with a Chladni plate in air and (2) microscale manipulation using microscale membranes
in liquid. In the first phase (macroscale in air), we reproduced previous studies in order to
gain a better understanding of the underlying physics and to develop control algorithms
based on statistical modeling techniques. In the second phase (microscale in liquid), we
developed and tested a new setup using custom microfabricated structures. The macroscale
statistical modeling techniques were integrated with microscale autonomous control systems.
It is shown that control methods developed on the macroscale can be implemented and used
on the microscale with good precision and accuracy.

Keywords: Chladni plates, multimode membrane resonators, acoustic actuation, micro-
robots, acoustics
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3 Introduction

Micro/nanorobotics have transformed the physical, chemical, and biological domains by uti-
lizing their size (around 10−3 to 10−6 m) to navigate usually inaccessible spaces. Particularly
in the biomedical field, the ability to manipulate micro/nano particles has numerous appli-
cations, including biophysics [12], drug delivery, tissue engineering [21], and microsurgery
[15]. The most direct application of the manipulation of microrobots in two-dimensions are
lab-on-a-chip systems [22]. Lab-on-a-chip systems allow the user to complete laboratory
functions such as particle manipulation on the microscale (see Figure 3.1).

Figure 3.1: Lab-On-A-Chip has the ability to integrate various laboratory functions onto a
small chip. Microrobots have great potential for use in this application [2].

Extending beyond biomedicine, microrobotic systems have attracted the attention of
various entities, including the U.S. Navy. Specifically, the U.S. Navy has solicited propos-
als in order to further research in microassembly (additive manufacturing) [4]. The idea
includes using a swarm of microrobots to autonomously construct and assemble new materi-
als. Recently, Defense Advanced Research Projects Agency (DARPA) launched an initiative
to stimulate research in microrobots for use in disaster relief [6].

One domain of microrobotics is tetherless microrobotic systems on the order of mag-
nitude of 10−6 to 10−3 m. Tetherless microrobots are able to explore, image, and access
parts of the remote parts of the human body. However, the difficulty of utilizing micro-
robots is manipulating and controling them remotely. While macroscale robots are often
self-actuated, propelled through onboard power and actuation systems, microrobots are not
often self-actuated in order to preserve their size. Self-actuation often requires a power source
and mechanical parts that result in a robot beyond the scale of a microrobot. Thus, it is
necessary to utilize remote manipulation methods to manipulate microrobots, but many of
these methods are considered invasive.

Currently, optical [31], chemical [10], electrical [9], and magnetic [24] techniques have
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been developed in an effort to control microrobots [16]. In the optical realm, optical tweezers
provide accuracy, force, and precision; however, the large laser powers required can harm
biological samples. Similarly, chemical techniques have the potential to alter the molecular
structure of the object itself. Chemical techniques add complexity and require a precise
understanding of the chemical structures and reactions involved. Magnetic methods severely
limit the materials that can be directly actuated. Electrical techniques, such as dielec-
trophoresis, depend on the polarization and conductivity of the manipulated object [9]. As a
result of induced current, the object may experience heating, which can damage the sample
involved physiologically [16].

Acoustics - the physics of sound or vibrational waves through matter - offers a promising
alternative for a precise, accurate, and non-invasive technique to manipulate microrobots or
microparticles. Acoustics affects any material regardless of size, transparency, or chemical
composition [23]. Additionally, acoustic techniques require a simpler experimental setup
versus complex optical and chemical techniques [11]. Most importantly, the use of acoustic
microparticle manipulation is potentially the least invasive actuation method, allowing the
precise placement of a particle without damaging the medium itself [23].

One use of acoustics is harnessing acoustic radiation pressure, which is the force gen-
erated by a pulsating object. For example, a pulsating sphere radiates isotropic and ho-
mogeneous waves into a medium, similar to what one observes when pushing one’s hand
out repeatedly in water. As a result, the sphere generates a pressure field outwards and
ultimately an outward force on other objects in the water [17]. Other acoustic techniques for
particle manipulation include using oscillating air bubbles. When subjected to resonating
frequencies, air bubbles pulsate, compressing and expanding. [18].

Another acoustic manipulation technique uses flexural vibrations - bending forces - in-
duced in resonant structures such as Chladni plates. These resonant structures serve as
both the work platform and a coupling layer between the manipulated particle and an actu-
ator, typically a piezoelectric vibrator. Chladni plates utilize a combination of forces such
as acoustic radiation, acoustic streaming, and effective weight forces to displace
particles on their surface and can be used to manipulate those particles to a desired posi-
tion. Chladni plate-based manipulation compares favorably to many acoustic techniques that
require multiple acoustic transducers. Some designs have included as many as 64 acoustic
transducers [8]. The placement and synchronization of these multiple actuators is non-trivial
and results in additional system complexity. However, the use of vibrating membranes such
as Chladni plates, which serve as the actuation mechanism and the work platform for the
microrobot, requires the use of only one actuator. By allowing for precise manipulation
with a simple hardware set, Chladni plates are a particularly promising means of effective
particle manipulation.
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4 Project Goals and Objectives

The intent of my project was to develop a platform for precise two dimensional
microparticle manipulation in a fluid via acoustic forces arising from Chladni fig-
ures. This is ground-breaking research in not only acoustics, but also the biomedical realm.
This research combines control methodologies proven at the macroscale with microscale ac-
tuators in order to develop a fully controllable microparticle manipulation system. The
microparticle manipulation system initially focuses on moving a cluster of particles due to
the difficulty of isolating a single particle. Follow up research would be conducted in two
dimensional manipulation of a single particle, essentially serving as the model microrobot.

This project was organized in two phases: (1) Macroscale Manipulation with Chladni
Plate in Air and (2) Microscale Manipulation with Microscale Membranes in Liquid (see
Figure 4.1).

Figure 4.1: Project Phase Planning

The macroscale manipulation in air was largely a reproduction of previous studies [19]
[30], which was a necessary step to later implement similar methodologies on the microscale.
The reproduction validated the control methods proposed in the literature for macroscale
manipulation. This project ultimately used the same control methods to manipulate par-
ticles on the microscale. The novelty of this proposed project lies in Phase 2 involving the
microscale particle manipulation with microscale membranes in liquid. This effort involved
the design and testing of custom micro-fabricated structures and coupling of macroscale
statistical modeling with microscale autonomous control systems. Developing a microscale
manipulation capability at USNA also provided a useful test bed for follow-on projects re-
lated to autonomous particle manipulation.

The project objectives were as follows:

1. To develop the experimental capability at USNA to perform two dimensional macropar-
ticle manipulation through the use of a macroscale Chladni plate.

2. To use statistical analysis based on empirical observation of particle movement on the
Chladni plate to create displacement field maps and couple it with robust closed-loop
feedback control techniques to achieve macroscale autonomous control systems.

3. To develop the experimental capability at USNA to perform two dimensional micropar-
ticle manipulation in liquid through the use of custom micro-fabricated structures.
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4. To use statistical analysis based on empirical observation of the movement of mi-
croparticles on the custom micro-fabricated structures to fully explain and model the
underlying physics. To the author’s knowledge, this field of study is incomplete and the
existing literature cannot fully explain the nature of the movement of the microparticles
in such a setup.

5. To couple microscale theory and models developed with control techniques to achieve
microscale autonomous control systems.

Ultimately, we were able to manipulate particles on the macroscale utilizing image object
identification and displacement map generation algorithms. However, on the microscale
microfluidic phenomena complicated previous methods. We were able to develop accurate
displacement maps on the microscale in fluid. For the future, we will be working towards
being able to manipulate microrobots/microparticles on the microscale.

5 Background

5.1 Acoustics

Acoustics is often referred to as the study of sound. However, more broadly speaking,
acoustics is the study of vibrational waves, extending beyond audible sound (∼20 kHz) into
ultrasound (above 20kHz) and beyond.

One important concept within acoustics is the idea of resonance. Resonance is the
phenomena in which an oscillating system increases in amplitude when a force of the same
natural periodicity of the system is applied [17]. One example of resonance is pushing a
child on a swing. The length of the swing from the pivot point directly affects the period of
swinging motion. If one pushes the child at time intervals that do not align with the natural
periodicity of the swing, the child’s swinging motion will decrease and not be maximized.
However, if one pushes the child at time intervals that do align with the natural periodicity
of the swing, the child’s swinging motion will increase and be maximized.

5.2 Chladni Plates

Chladni plates owe their name to German physicist and musician Ernst Chladni. In his fa-
mous experiment in 1787, Chladni discovered that when he drew his violin bow over the side
of a flat plate affixed to a thin post with particles of sand resting on top (see Figure 5.1), the
particles moved to form symmetrical, visual patterns later named Chladni Figures [25].
A violin or any string instrument utilizes this phenomena. By drawing a bow over the plate
or string, friction forces cause the plate and string to vibrate at a resonant frequency, ulti-
mately creating standing wave patterns. In Chladni’s experiment, sand patterns arose from
different modes of resonance. Upon excitation, the sand would move away from the positions
of maximum displacement (antinodes) and conform to locations of minimum displacement
(nodes) [29].
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Figure 5.1: Reproduction of the original experiment Ernst Chladni conducted in which a
violin bow was drawn over the side of a Chladni Plate. Sand on the plate displaced into
patterns resulting from vibrations induced by the bow on the plate.

Figure 5.2: Different resonant modes of Chladni Plates visible in the patterns developed
by particles on the plate surface when the plate is excited by notes of different frequencies.
Reprinted with permission from Tuan et al. Copyright 2015, Acoustic Society of America
[26].

Macroscale manipulation of particles on a Chladni plate utilizes dynamic acoustic pres-
sure fields that arise from varying the driving frequency. One is be able to manipulate an
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object’s motion on a two-dimensional plane by driving the Chladni plate with a sequence
of frequencies or notes. The use of Chladni plates has advantages over other acoustofluidic
techniques due to the wide spectrum of frequencies that can be applied, including both res-
onant and non-resonant frequencies. Additionally, complex manipulation may be achieved
with fewer actuators than other approaches. The mechanism relies on the forces arising from
the patterns of standing waves that are drawn on the entirety of the plate, requiring only a
single actuator [19].

Several studies have already used the resonant modes of Chladni plates to manipulate
particles. The following sections (5.3 - 5.5) will give a brief overview of past research done
with (1) Macroscale Manipulation with Chladni Plate in Air, (2) Macroscale Manipulation
with Chladni Plate in Liquid, and (3) Microscale Manipulation with Microscale Membranes
in Liquid.

5.3 Macroscale Manipulation with a Chladni Plate in Air

Initially, particle motion resulting from Chladni figures was thought to be unpredictable and
difficult to model due to the complexity of the wave models and the interactions between
particles and the Chladni plate. However, by using empirical and statistical means, particle
motion resulting from Chladni figures in air has been predicted, modelled, and controlled
by researchers in Aalto University in Finland [30]. In [30], Chladni plates were used to
manipulate not only one particle with a desired trajectory to an intended position, but also
multiple particles with individual, arbitrary trajectories at once.

5.4 Macroscale Manipulation with a Chladni Plate in Liquid

Building upon the research in particle manipulation on Chladni plates in air, there has
been research in particle manipulation on Chladni plates in liquid. While the manipulated
particles were still considered macroscale in size (100 micrometers or larger), the medium
was a liquid. In one 2019 study, scientists from Aalto University manipulated heavy particles
(750 μm) on a Chladni Plate submerged in water [19]. Interestingly, the liquid affected the
behavior of the particles on the plate relative to the behaviors observed when manipulating
particles with Chladni Plates in air. The particles moved to the antinodes, locations of
maximum motion, rather than the nodes, positions of least motion, of the Chladni plate.
The dominating force that determined the trajectory of the particle was the particle’s
effective weight [19]. Thus, instead of forming classic Chladni figures, the particles on the
plate were found to form inverse Chladni figures.

5.5 Microscale Manipulation with Microscale Membranes in Liq-
uid

The microscale manipulation of particles (10 to 100 μm) has been described previously in
other studies [16, 15, 29, 20]. However, the control theory used on the macroscale (larger
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than 100 μm) has not been implemented on the microscale. Similar to the Chladni plate’s
transition to liquid, the transition to the microscale regime adds complexity. For one, the
acoustic pressure becomes negligible, and two main forces dominate: (1) acoustic streaming
force and (2) mechanical vibration induced acceleration [15]. The novelty of this project was
attempting to combine the control theory replicated and validated on the macroscale with
microscale actuation techniques.

6 Theory

6.1 Macroscale Manipulation with Chladni Plate in Air

Harnessing Chladni Plates for macroscale manipulation requires an understanding of the
flexural bending vibrations of the plate.

6.1.1 Chladni Plates

Chladni’s experiment demonstrates the classical understanding of resonant frequencies oper-
ating on a macro-Chladni plate in air. While Chladni used a violin bow to stimulate standing
waves in his experimental system, we instead used a piezoelectric actuator attached to the
center of the plate as shown in Figure 6.1.

Figure 6.1: Chladni Plate with a piezoelectric actuator attached to the bottom of a Chladni
Plate, instead of a central support used in Ernst’s Chladni experiment

A piezoelectric actuator converts electrical signals into mechanical motion either with
unidirectional displacement or with an oscillating motion. By applying a DC voltage, it is
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possible to expand or compress a piezoelectric actuator. By applying a sinusoidal signal, it is
possible to oscillate a piezoelectric actuator rapidly and over a range of frequencies. A plate
attached on top of a vibrating piezoelectric actuator experiences flexural vibrations. At the
plate’s resonant frequencies, determined by properties of the plate (e.g. size, shape, stiffness)
and its boundary conditions (e.g. clamped or non-clamped edges, position of actuator, etc.),
the plate will experience a standing wave (Figure 6.2.a).

Figure 6.2: a) Chladni Plate vibrating at an eigenmode as result of excitation at an eigenfre-
quency b.) Different simulated eigenmodes of a Chladni plate at increasing eigenfrequencies.
Plate #6 is driven at a higher frequency than plate #5, and plate #5 is driven at a higher
frequency than plate #4, and so forth [14].

Chladni figures are the visual display of the eigenmodes - natural movement or motion
of a system when driven at the corresponding eigenfrequencies - resonant frequencies - of the
Chladni Plate. Eigenfrequencies, also known as natural frequencies, are the set of discrete
frequencies at which a system has natural resonances [1]. These frequencies consist of the
fundamental frequency (i.e. lowest frequency) and its harmonic multiples thereof. However,
not all eigenfrequencies are multiples of one another, and a system can have multiple, separate
eigenfrequencies. Eigenmodes are the shapes that arise from a system oscillating at a given
eigenfrequency. As certain discrete eigenfrequencies are played, the Chladni plate will vibrate
at the corresponding eigenmodes as shown in Figure 6.2.a. As the frequency increases, the
Chladni figures become more complex. Figure 6.2.b) displays the eigenmodes of a Chladni
plate at increasingly higher eigenfrequencies such that Chladni plate #6 oscillates at a higher
eigenfrequency than Chladni plate #5 that oscillates at a higher eigenfrequency than Chladni
plate #4 and so forth.

Mathematically, the flexural vibrations of the thin plate can be approximated using the
two dimensional inhomogeneous Helmholtz Equation – the time independent form of the
wave equation:

(Δ2 + k−2)Ψ(r; r′, k̃) = F (r′) (1)

where
k̃ = k + iγ (2)
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k is the wave number, γ is the damping coefficient, Ψ(r; r′, k̃) is the response function
of the plate, and F (r′) is the driving source [26].

The Helmholtz Equation can be used to calculate the corresponding eigenmodes and
eigenfrequencies. f(k) is the resonant frequency, C is some constant, and k is the wave
number:

f(k) = C ∗ k2 (3)

C can be calculated with the following formula

C =
1

2π

√
Ed2

12ρ(1− v2)
(4)

where E is Young’s modulus, d is the thickness, ρ is mass density, and v is the Poisson
ratio.

However, as demonstrated in [26], the resonances calculated using the above equations do
not correspond with the experimental observations of the eigenfrequencies. This phenomenon
arises from the coupling of the Chladni plate with a piezoelectric actuator. Many variables
and outside influences can affect the eigenmodes of the Chladni plates. Thus, in practice
the plate is subject to experimental conditions that make the resonant frequencies difficult
to predict with analytical equations.

6.1.2 Modeling using COMSOL

The complexity of the multiple-order differential equations compounds the difficulty of mod-
eling Chladni plates. However, computer simulation programs like COMSOL®Multiphysics,
a finite element modeling software, make analysis relatively simple as long as the proper gov-
erning physics equations are selected and the boundary conditions and material properties
specified. In past research, it is possible to create models of Chladni figures and even fur-
ther on models of particle dipslacement[30]. However, because this project’s purpose was
to ultimately explore particle movement in uncertain experimental conditions (e.g. on the
microscale in fluid), the use of COMSOL was not entirely helpful. Instead, we decided to
focus on a more empirical approach to producing displacement maps (described in section
6.1.4).

One goal of this project was to construct a motion model that allows for control of
particle movement on top of a vibrating Chladni plate. Simply explained, how can we
use the eigenmodes of Chladni plates to move particles? The answer is not simple.
Connecting the oscillations of a Chladni plate to the movement of particles on top of them,
even in simulation, is difficult. In fact, the system becomes more complex if the medium
is liquid and if the scale is shrunk to the microscale. Forces that are difficult to specify
even in a computer program (e.g. acoustofluidic forces, friction, surface tension) begin to
dominate. Because of the complexity and uncertainty regarding experimental details, this
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project focused on empirical methods to arrive at motion models for particles on Chladni
plates and membrane resonators, bypassing oversimplified analytical approaches and input-
data reliant computer-based modeling.

6.1.3 Acoustofluidic Force: Acoustic Streaming

Sand is typically thought to be comprised of relatively small particles, and the particles are
in fact on the order of a fraction of a millimeter. However, these dimensions are actually
quite large relative to the relevant physics of a Chladni plate. In Ernst Chladni’s 1787
experiment, while most sand particles moved towards the nodes, he observed that the fine
shavings of his violin bow (smaller particles than sand) moved to the antinodes. Later that
century, Michael Faraday observed the same phenomena with lycodium powder [28] and
showed this strange behavior to be a result of the air current induced by the vibrating plate.
This phenomena, known as ”acoustic streaming”, leads to complexity in manipulating the
particles. Acoustic streaming will be discussed in section 6.3.1.

6.1.4 Displacement Maps - Modeling using Statistical Analysis

In order to bypass the complexity of surface, fluid, and other outside forces, scientists in
studies such as [30] and [19] have used empirical means to model the movement of particles
on vibrating plates. Our work also used empirical methods because ultimately, our goal was
to use Chladni plates is in application. Even if the theory is not entirely understood, the
controlled movement of particles can still be achieved. Through empirical research, it was
also possible to observe and clarify our understanding of the theoretical phenomena and its
relation to the physical one.

Suppose, a person placed one bead on top of a Chladni plate and vibrated the plate
at various resonant frequencies or ”notes.” By taking a picture of the surface of the plate
before the note and a picture after the note, it is possible to calculate a displacement
vector based on the initial and final positions of a given particle. This displacement vector
represents the particle’s motion as a result of the note played. An arbitrary example would
be a particle displacing to the right 1 mm when an F4 (349.228 Hz) note was played.

Now, suppose, a person placed many beads on top of a Chladni plate and vibrated the
plate at various resonant frequencies. If the displacement vector calculations are done for
particles at every point on the plate, at a very large number of frequencies, it is possible to
develop a set of vector field maps displaying a displacement vector at every single point on
the plate for all tested frequencies.

From here, how do you utilize the displacement maps to manipulate one
particle to a desired position? The displacement between the current position and
the intended position can be broken up into a set of waypoints. At each time step, the
computer algorithm calculates many different linear combinations of displacement vectors
that all end at the desired position. The weights of the note are added together from the
previous accumulated weight. The note that has the most weight, meaning the note that is
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most effective in moving the particle to the desired waypoint, is played. At each time step,
this process is repeated until the particle reaches the desired position.

For example, Figure 6.3 is an illustration of the process just described. The blue particle
follows the displacement field map of a frequency of 2.5 kHz. When the frequency changes to
3.4 kHz, the blue particles follows the vectors of the other displacement field map. Ultimately,
the particles moves at first downwards and then later to the right.

Figure 6.3: Notional schematic that shows the movement of the blue bead over time by using
the displacement maps of two different frequencies.

The success of the work in [19] and [26] demonstrates that statistical modeling is a useful
method to model the motion of particles on Chladni plates in an air medium. Statistical
modeling bypasses the complicated physics and hidden forces that alter the movement of
particles on Chladni plates. By taking pictures of beads and constructing displacement field
maps, it is possible to command the motion of a particle at any point on the Chladni plate
6.4.b. One can harness the displacement field maps to move a particle to the desired position
simply by selecting the notes that best correspond to the desired motion sequence.

6.2 Macroscale Manipulation with a Chladni Plate in Liquid

While the next step of the project was the microscale manipulation of particles in water
(as shown in Figure 4.1), it is useful to discuss the physical phenomena present in the
macroscale manipulation of particles in liquid. The introduction of liquid introduces new
forces not apparent in the macroscale manipulation in air.

Macroscale manipulation of particles with a Chladni Plate submerged fully in a tank
of water with a piezoelectric actuator attached to the center was previously explored[28].
The piezoelectric actuator was driven electronically via signals sent by a user or automated
program via a computer. Figure 6.5 is a diagram of the experimental setup of a macroscale
Chladni plate in liquid [28]).

While the flexural vibrations of the plate are similar to those observed in air, the behavior
of the microparticles is not [27]. This is a result of the changed medium (liquid instead of
air), resulting in the domination of different forces.
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Figure 6.4: Visual representations of the nodal lines and displacement maps resulting from
driving the Chladni plate with two different frequencies. The displacement maps show the
direction of movement of a particle at every single point on the Chladni plate as a result of
plate oscillation at the indicated frequency. [28].

Figure 6.5: Experimental setup of a Chladni Plate in liquid.
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In this experiment, macroscale particles refers to particles with diameters that are sub-
mm, but larger than a micrometer (10−6 m). Because the vibrating plate is submerged in
liquid, two forces dominate the movement of the particles: (1) the acoustic radiation force
and (2) the effective weight. Intriguingly, the average of these two forces can point towards
the antinodes, not the nodes [19]. The particles on the Chladni plates in liquid can move
towards the antinodes, not the nodes, forming an inverted shape relative to the experiments
in air. As a result of this behavior, the new patterns formed are called inverse Chladni
figures. Figure 6.6 shows sand on a Chladni plate with a classic Chladni figure on the left
and an inverse Chladni figure on the right.

Figure 6.6: (a) Notional schematic of particles forming a classic Chladni figure (b) Notional
schematic of particles forming an inverse Chladni figure [28]

6.2.1 Inverse Chladni Patterns - Acoustic Radiation Force

Acoustic radiation and acoustic streaming are strong forces that arise as a result of sound
waves. However, in the macroscale manipulation of particles in liquid, the acoustic streaming
force is negligible, leaving acoustic radiation as the dominant force.

Acoustic radiation is the force generated by the vibrating motion of the plate. This
vibration creates a standing wave field which in turn creates an acoustic pressure wave field
[19]. Through methods explained in [20] and calculated in [19], the acoustic radiation force
Fr points towards the antinodal region. Thus, the particles on the submerged plate move
towards the antinodes as a result of acoustic radiation.
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6.2.2 Inverse Chladni Patterns - Effective Weight

Vibrational acceleration refers to the rate of change of the plate velocity. A large vibra-
tional acceleration means that the plate oscillates quickly (higher frequency). Tuning the
vibrational acceleration of the plate affects the effective weight of the particle [28]. Effective
weight is the force the Chladni plate feels perpendicular to it as a result of the mass of the
particle and vibrational acceleration (either greater than or less than g). Effective weight of
a particle is one of the dominating forces that determines whether classical Chladni figures
or inverse Chladni figures are formed. By changing the effective weight, scientists were able
to control whether classical Chladni figures or inverse Chladni figures were formed. If the
vibrational acceleration is larger than g and the amplitude of the oscillating plate is large,
the particle will lose contact with the plate and begin to bounce. The particle will con-
tinue bouncing until it reaches a location of no movement, or a node, thus forming a classic
Chladni figure (see Figure 6.6.a).

Intuitively, this explanation makes sense. If the plate bends in a downward motion
faster than g, the particle will lose contact with the plate. As the plate begins to rise, the
particle will still continue to fall (see Figure 6.7). At a certain point, the upward rising
plate will reach the downward falling particle (see Figure 6.7.2). The transferred impulse
will cause the particle to switch directions and increase its kinetic energy (see Figure 6.7.3)
[28]. This motion of ”bouncing” will eventually lead to the particles settling on the regions
of no motion: the nodes.

Figure 6.7: (1)As the plate begins to rise, the particle will still continue to fall. (2) Upward
rising plate reaches the downward falling particle. The resulting collision leads to a trans-
ferred impulse. (3) Upward rising plate reaches the downward falling particle. The resulting
collision leads to a transferred impulse.

Conversely, if the vibrational acceleration is smaller than g and the amplitude of the
oscillating plate is small, the particle will be in contact with the plate at all times. This
phenomenon is demonstrated in Figure 6.8.b. Instead, the particle will move to the anti-
node. For example, if the plate bends in a downward motion slower than g, the particle
will remain in contact with the plate [28] and one observes a the bead rolling around the
antinode. Over one vibration cycle, the average horizontal force points towards the antinode.

Mathematically, the particle effective weight W can modeled with the following force
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equation:
W (x, y, t) = −m[g + z̈(x, y, t)]− Fdz (5)

where (x,y) is the position of the particle, (t) is the time, m is the mass, g is the
gravitational acceleration, Fdz is the vertical drag force that opposes the particle’s motion,
and z is the vertical displacement of the plate at position (x,y) [19].

The time-averaged force 〈 W|| 〉, the parallel component of W, can be calculated with
the following integral:

〈W||〉(x, y, t) = ω

2π

∫ ω
2π

0

W (x, y, t)
dz(x, y, t)

dx
dt (6)

where ω is the angular frequency of the oscillation. Ultimately, 〈W|| 〉 is the force pulling
the particle towards the antinode. Through calculation as in Equation (5), it is shown that
the force vector points towards the antinodal regions.

Figure 6.8: Depiction of vibrating plate where the vibrational acceleration is less than g.
The average horizontal force 〈 W|| 〉 and Fr point towards the antinodes. |〈W||〉| in (a) is
greater than |〈W||〉| in (b). [19]
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6.2.3 Use of Nonresonant Frequencies

Although the equations above have utilized resonant frequencies, it is possible to use non-
resonant frequencies to manipulate particles. The only caveat is that the plate must be
vibrated with a significantly large amplitude [19]. Interestingly, in [19] and [29], the
particles on a Chladni plate in liquid begin to move in a vortex-like motion when subjected
to non-resonant frequencies. This motion was compared to a ”Farandole dance.”

The reason for this motion is not well understood. One explanation in [19] suggests that
particles subjected to non-resonating frequencies tend to aggregate to the nearest resonating
modes - closest to the non-resonating frequency. Thus, the particles move in a vortex-like
pattern to the nearest resonating mode. For example in [19], the non-resonant frequency
10,675 Hz was applied with the nearest resonant frequencies at 9,575 Hz and 11,175 Hz. At
resonant frequencies, the particles formed stable inverse Chladni figures. However, at non-
resonant frequencies, the particles moved in the direction of the two adjacent modes. The
particles moved as a result of the combination of the two different inverse Chladni figures of
the adjacent modes.

6.2.4 Manipulation of Particles

As previously discussed 6.1.4, it is useful to use statistical analysis to model the movement
of particles on a Chladni plate. This method is far simpler and superior than determining
the particle’s movement using differential equations while taking into account outside forces
(e.g. friction, surface tension). Therefore, statistical analysis will again be used to model the
displacement maps. The plate will be covered as uniformly as possible with heavy beads. The
beads must be heavy (750 μm) in order to mitigate the buoyant force. Multiple frequencies
will be played, and the movement of every bead will be recorded at every single frequency.
Taking pictures before and after acoustic actuation using a given frequency, it will be possible
to calculate a displacement vector for each location on the plate, generating a displacement
map for the whole plate for that frequency. Thus, one is able to know the direction of motion
of a single bead at any position on the plate in response to a given note. In an automated
implementation, a computer algorithm could calculate many different linear combinations of
displacement vectors to displace the particle to a desired position. By looping through the
displacement maps, the bead will reach its desired position using the most efficient linear
combination of displacement vectors.

Although the methodology for the macroscale manipulation of particles in air and liquid
is the same, we expect to obtain different displacement maps for the two services. This
difference should arise from the vastly different forces affecting the particle motion, including,
but not limited to mechanical induced vibrational acceleration and acoustic streaming.
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6.3 Microscale Manipulation Using Multimode Membrane Res-
onators

The second phase of the project was the microscale manipulation in liquid using mul-
timode membrane resonators. Instead of using a thick (50x50x0.500 mm) Chladni plate,
we used microscale silicon membranes (11.15x11.15x0.010 mm thickness) to manipulate mi-
croparticles approximately 50μm in diameter. A microscale silicon membrane was used
because on the microscale, drag current and friction forces become dominant. Although
microscale membranes differ from macroscale Chladni plates in terms of boundary condi-
tions and size scales, they are comparable in that they both serve as the work platform
for the manipulated particles and are a coupling mechanism between the primary source of
acoustic vibration and the particles via standing wave patterns developed on the plate or
membrane. At the microscale, the movement of the particles becomes difficult to predict.
Unlike on the macroscale, two main forces dominate the microparticle movement: (1) the
acoustic streaming forces and (2) effective weight [15]. The particle will move towards
the antinode if it is dominated by streaming flow. In contrast, the particle will move towards
the node if the particle is dominated by mechanical vibration induced acceleration. Sections
from 6.3.1 - 6.3.2 will discuss these two phenomena.

6.3.1 Acoustic Streaming - Towards Antinodes

Acoustic streaming is the constant flow of fluid as a result of a powerful sound wave. For
example, suppose a person swam next to a powerful, underwater speaker. As the speaker
projects sound waves, the swimmer would feel a constant force pushing them as a result
of the sound waves initially hitting the water particles, ultimately hitting the swimmer’s
body. Acoustic streaming is often negligible on the macroscale. However, because the
microparticles (50μm) are much smaller compared to the previously described beads (750μm)
or sand (1mm), the acoustic streaming force became significant.

Figure 6.9 is a visual display of the acoustic streaming force on a microparticle on
a multimode membrane. Figure 6.9 is a side profile of the particle sitting on top of the
membrane (color coded to indicate nodes and antinodes). Between the node and antinode
(either side), the two fluid flows (upper and lower) indicated by arrows above the membrane
represent the streaming flow of the fluid. In past studies, empirical observations indicate
that microparticles were slightly ”floating” above the membrane, ultimately subjecting the
microbeads to streaming flows that result in motion towards the antinodes of the membrane
[16]. However, if the particle distance from the membrane was further increased due to
buoyancy or increased acceleration of the membrane, the particle would move toward the
nodes due to the opposite directions of the upper and lower vortices in streaming flows
depicted in Figure 6.9.
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Figure 6.9: Schematic of microparticles showing forces resulting from mechanical vibration
induced acceleration (Fa||), which point towards nodes, and forces resulting from streaming
flows (Fd||), which point towards antinodes. Reprinted from Jia et al., with the permission
of AIP Publishing [16].

6.3.2 Effective Weight - Towards Nodes

Mechanical induced vibrational acceleration is the change of speed at which the mem-
brane oscillates and effective weight force arises from this phenomena. As explained
before, Mechanical induced vibrational acceleration determines the effective weight of
the particle [28]. The effective weight of the particle plays a significant role in the formation
of inverse or classical Chladni figures.

Currently, the leading theory concerning particle motion in liquid is that if the me-
chanical vibration induced acceleration dominates, the particle moves towards the nodes.
However, if the streaming flow force dominates, the particle moves towards the antinodes.
This explanation seems to contradict the theory concerning macroscale manipulation in liq-
uid discussed in 6.2.2 and [16]. Before this study, the formation of standard Chladni figures
on the microscale had not been proven. It seems that there are current disagreements and
conflicting theories about the formation of inverse and classic Chladni figures.

6.3.3 Doubly-Clamped Beams and Square Trampoline Resonators

In past studies exploring the movement of microparticles in fluid [15][29] [16], variable mem-
brane thickness and shape were found to play a large role in the formation of inverse and
standard Chladni figures on the resonating membrane.

In a study at Case Western University, scientists observed both classic and inverse
Chladni patterns formed on the sub-100μm scales [16]. Silica microparticles (1-8μm) were
placed on top of two differently shaped surfaces: (1) doubly-clamped beams (100×10×0.4μm3)
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and (2) square trampoline resonators (50×50×0.2μm3) (see Figure 6.10). The doubly-
clamped beams consisted of two silicon carbide structures in parallel suspended over a silicon
substrate. The doubly-clamped beams were a one dimensional configuration, meaning the
nodes and antinodes of the eigenmodes conformed to linear patterns. In a straight line, a
node was followed by an antinode followed by a node. With the 1D doubly-clamped beam,
the beads were dominated by streaming flow (Fd||) and conformed to the antinodes, resulting
in inverse Chladni figures.

The square trampoline consisted of resonators with square planar dimensions. However,
on the square resonator, the beads were dominated by mechanical vibration induced accel-
eration (Fa||)and conformed to the nodes, resulting in standard Chladni figures (see Figure
6.10) [16]. This study demonstrates the complexity of vibration of multimode membranes
in fluid. As discovered, the formation of Chladni and inverse Chladni plates depends on the
shape and characteristics of the membrane, driving parameters (e.g. amplitude, frequency,
etc.), and coupling phenomena (with piezoelectric actuator).

Figure 6.10: Doubly-clamped beams forming inverse Chladni Figures. Trampoline resonators
forming standard Chladni Figures. Reprinted from Jia et al., with the permission of AIP
Publishing [16].

6.4 Autonomous Control using Statistical Modeling

The control theory is the same process as described for the experiments with Chladni plates
on the macroscale (see section 6.1.4). The control theory relies heavily on image processing
algorithms to detect a particle based on color, shape, and intensity. Images of the resonators
are taken before and after actuation. Then, the previously obtained set of displacement field
maps associated with a set of frequencies is analyzed to identify the one that best directs
the particle along the desired velocity vector. By playing the note and looping through the
displacement maps to find the next waypoint position, the desired position can be achieved.

As described in Section 6.1.4, displacement maps will be used to select frequencies to
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manipulate the particles to desired positions. Because of the challenges of setting up an
isolated particle at the microscale, it is highly likely that we will initially be manipulating
swarms of particles, rather than a single one. The current position and intended position
will be broken into waypoints. By looping through the displacement maps and calculating
multiple paths, the note that will be most effective in moving the particles to the waypoint
will be played. It will ultimately be necessary to use closed-loop feedback in order to assure
the desired position is achieved within a certain error tolerance.

7 Design

7.1 Macroscale Manipulation - Chladni Plate in Air

The macroscale manipulation of microparticles (larger than 100 μm) in air has been pre-
viously demonstrated. In this work, we reproduce a previous study conducted at Aalto
University to gain an understanding of the fundamentals of macroscale Chladni figures as
well as test and validate statistical modeling and control techniques [30]. Although not a
novel contribution, this reproduction of previous work was a useful step towards developing
an integrated system for autonomous control and manipulation of microparticles in liquid.
While the macroscale manipulation experiment design was largely a replication, significant
design choices were required in the image acquisition and processing aspects of the project.

7.1.1 Physical Experiment Setup and Operating Frequencies

The macroscale experimental setup in this work closely mirrored that of [30], including use of
the same Chladni plate dimensions and material, particle type (solder beads), piezoelectric
actuator, and amplifier [30]. Sinusoidal input voltages with frequencies of 1245 Hz, 1976 Hz,
3951 Hz, 7902 Hz, 11175 Hz, and 19912 Hz were applied to the piezoelectric actuator and
chosen based on their identification as the resonant frequencies of a 50mm silicon Chladni
plate in [30]. Details of the experimental set up are given in Section 8.1.

7.1.2 Image Acquisition

In order to generate displacement maps, the movement of solder beads in response to notes
of the aforementioned frequencies were recorded as images using a microscope camera (Dino-
Lite Edge AF4115ZTW 1.3MP Digital USB Microscope 2x 50x FLC). The microscope cam-
era was mounted directly above the Chladni plate and connected via USB to a computer.
The microscope camera was instructed to record - at the fastest frame rate possible - a spec-
ified number of frames per note played. On average, solder beads required experiment time
durations of 7.17 seconds over 200 frames ( 0.0717 seconds per frame) in order for the beads
to conform to the respective Chladni figures. The amplitude of the actuation was tuned
manually by adjusting the gain of a benchtop amplifier. For trials useful in the generation
of displacement maps, the piezoelectric actuator required sufficient input voltage amplitude
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to allow particles to conform to their respective Chladni figures, but not too much input
voltage such that the piezoelectric actuator was overdriven and forced the beads off the
Chladni plate. Recorded sets of frames for each note were stored in memory for later image
post-processing.

7.1.3 Image Processing and Object Identification

Calibration & Cropping To facilitate the generation of displacement maps, each recorded
image was processed in a consistent and automated manner using MATLAB. A projective
image transformation and cropping was applied to each image in order to generate an ’over-
head’ view of only the Chladni plate surface while correcting for any slight misalignment of
the camera and Chladni plate. The projective transform settings and image crop settings
are the same for each experiment’s image set and can be maintained between experiments if
the plate and camera positions are not disturbed.

Image Segmentation The image was then converted from color to gray scale using
MATLAB function rgb2gray. Then, MATLAB function imtophat, a morphological filter
was used to correct for uneven lighting of the lab space. A ’sphere’ structuring element
with a diameter of 7 pixels was used in imtophat to morphologically filter the given image.
Subsequently, pixels with intensity values less than 150 were removed. Groups of similarly
colored pixels with a cluster radius less than 20 pixels were removed. Then, this image was
converted into black and white (binary). The white regions were taken to correspond to
detected particles or masses of particles. The black regions were taken to correspond to the
background representing the absence of particles.

Object Identification The white regions corresponding to detected particles have
properties that were easily computed using the built-in MATLAB function regionprops. A
black ”+” was marked on the centroid of the identified color cluster (presumably a bead) as
shown in Figure 9.2. The position of each identified bead was stored in an internal MATLAB
structure which was later used in the creation of displacement maps (see Section 7.1.4).

7.1.4 Displacement Maps

The binary image sets with detected objects were then used to create displacement maps
as described in Section 6.1.4. It was possible to compare the position of a single particle
between successive images by estimating that a detected object in one frame corresponded
to the object in the next frame that had the nearest centroid image location to that of the
object in the original frame. We used this estimate under the assumption that the frame rate
of the recording was fast enough that particle displacement was minimal between successive
frames and that excess information was not lost in the filtering process. However, at times,
the frame rate was so much faster than the particle movement, the particle displacement was
too small to be noticeable both to the observer and the computer algorithm. The seemingly
lack of movement was accounted for in the displacement map computational code explained
later on in this section.



27

In order to obtain regular, tabulated data, the image area corresponding to the Chladni
plate was split into a 30x30 grid. All displacement vectors within a given gridsquare for any
frame in the experiment image set were averaged (i.e. binned). The average, binned results
are useful as effective ’look-up’ tables for subsequent control experiments.

Displacement Map Algorithm Improvements

In order to work around excessively high frame rates, we explored using different frame
intervals between image-pairs (e.g. Frame 1 and 2, Frame 1 and 6, etc.) when computing
displacement vectors. It was possible to compute a more noticeable change in position. Ad-
ditionally, processing fewer frames decreased computation time. For example, as opposed to
comparing immediate subsequent frames (e.g. Frames 1 and 2) exclusively, we also computed
displacement vectors based on larger frame spacing (e.g. Frames 1 and 6). Larger image-pair
frame spacings reduced post-image processing time and improved displacement vector field
fidelity by tracking the larger trend in displacement. This approach was supported in part
by the fact that the beads conformed to patterns, rather than continuously flowing onto and
off of the Chladni plate.

7.2 Microscale Manipulation - Multimode Membrane Resonators
in Water

Following the macroscale experiments, we transitioned to the microscale manipulation of
microrobots.

7.2.1 Multi-user MEMS Process

We designed custom microscale resonators within a multi-user MEMS process in order to
realize these microscale devices with specific dimensions and within a reasonable time frame
for the project. Custom dimensions were required since no known commercial alternatives
existed. While it was possible to construct the microscale membrane in-house at USNA,
training and fine tuning microfabrication processes would take several months, delaying
researching, and reducing the potential for scientific contribution of this project. Therefore,
we decided to utilize a multi-user fabrication process for microelectromechanical systems,
or MEMS. MEMS can be fabricated through various means, most of which are similar to
the technologies used to manufacture integrated circuits [3]. These methods make use of
bulk manufacturing methods where many devices are formed in parallel through the use of
common steps, which drives economies of scale and reduces the fabrication cost per device.
These are essentially layer-by-layer processes where material is removed or added to each
layer in areas that are defined by a photolithographic mask. Multiple users share a process
flow by combining their mask sets which will determine where layers of material are added
or removed.
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7.2.2 PiezoMUMPS® Layers

This project utilized PiezoMUMPs® a silicon-on-insulator micromachining process available
from MEMSCAP® [5]. The substrate material was an n-type Silicon-On-Insulator wafer
with an upper silicon layer thickness of 10μm separated from the bulk substrate ( 100μm) by
a silicon oxide layer (1μm). The substrate was then selectively etched from the backside of
the wafer to create suspended structures as defined by a photolithographic mask. The process
also included two metal layers that also could be used for electrical contacts as well as an
aluminum nitride piezoelectric layer - none of which were used in our designs. There were a
total of six different layers used in the construction of the chip: Pad oxide (“PADOXIDE”),
Piezoelectric material (“PZFILM”), Pad Metal (“PADMETAL”), Silicon (“SOI”), Oxide,
and the Substrate (“TRENCH”). Because the chip needed to contain only various shaped
membranes, the pad oxide, piezoelectric, and oxide layer were not used. A conceptual
figure of the structure built is shown in Figure 7.1.b. We designed square and rectangular
membrane resonators and experimented with both dimensions and boundary conditions for
these resonators as detailed in Section 7.2.4. In total, 19 identical 11.25mm×11.25mm chips
- each subdivided into four physically separable quadrants featuring 10-20 resonators - were
fabricated.

7.2.3 PiezoMUMPS® Construction Constraints

Figure 7.1: a) Notional schematic showing a stock image of a PiezoMUMPs® chip b) Notion
schematic showing the acutal chip design [7]

The design and layout of the chip was constrained by the process design rules. In the
etching away process, an excess of removal of material would create an unstable membrane.
Thus in accordance with the MEMSCAP® design rules, only 33% of the material could be
etched away (i.e. ”TRENCH” mask layer). The design of the MEMSCAP® chip required
a balance of utilizing the chip area while creating a stable, robust device.
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Figure 7.2: Schematic showing the usable chip area [7]

In addition, different layers (e.g. “TRENCH,” “PADOXIDE,” “SOI,” etc.) had con-
straints on the minimum distance needed between features made of a specific material/layer.
For example, two features constructed of Pad Metal and Silicon layer (“PADMETAL” to
“SOI” layer) respectively needed to have 5μm space center to center [7]. Figure 7.1 shows a
sample chip and various layers at the end of the chip construction.

The chip also contained four connected quadrants that were able to be separated by-
hand. In order to allow for a seamless break without damaging the chip membranes them-
selves, the boundaries between each quadrant were designed with a “train-track” pattern in
a “+” configuration in accordance with the design constraints laid out in [7]. This is called
subdicing. Figure 7.3 shows a photograph of the set of completed microchips. The actual
design of our chip will be explored in Section 7.2.4.

7.2.4 Chip Quadrants’ Design and Layout

Our design included four quadrants, each of which was used to explore various shapes of
resonators. Different shapes resonated at different frequencies. Within the same shape,
different boundary conditions affected the resonant frequencies. We tested primarily square
(2-D) and long rectangular (1-D) membrane resonators as seen in [15] and shown in Figures
7.5 to 7.7. We tested these resonators with two different boundary conditions: clamped
and unclamped. In the clamped case, the 10μm silicon membrane boundary was entirely
bounded on all four of its sides. In the unclamped case, the 10μm silicon membrane boundary
was almost entirely unbounded on all four of its sides except for at the four corners. The
2-D bounded membrane resonator was referred to as the “Drumhead.” The 2-D unbounded
membrane resonator was referred to as the “Trampoline.” We repeated the same concept at
different geometry scales to allow us to investigate variations of the resonant frequency with
different membrane planar dimensions.

A Trident logo, representative of the USNA electrical and computer engineering de-
partment as well as the Trident program, was added on the silicon membrane with the
PADMETAL layer.
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Figure 7.3: Manufactured microchips in the delivered packaging before being used.

Figure 7.4: a) Microscale membrane design for a complete chip comprised of four quadrants.
b) Photograph of microscale membrane, viewed from the bottom to clearly see the membrane
outlines.
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Quadrant 1: 2-D Drumhead (Clamped) The first quadrant (shown in Figure 7.5)
explores various sizes of clamped 2-D drumhead resonators, that is all boundaries of the
membranes are fastened to the chip. Figure 7.5.b is uniformly dark, and the membranes are
difficult to see because there are no slits in the membrane. The photograph only shows a
dark membrane and the Trident outline because light was not able to be reflected back by
the material underlying the slits.

Figure 7.5: 2-D Drumhead (Clamped) a) Layout Editor Design b) Front-view photograph

Quadrant 2: 2-D Trampoline (Unclamped) The second quadrant (shown in Figure
7.6) explores the various sizes of an unclamped 2-D trampoline. The edges indicate slits
etched near the borders of the suspended membranes to create unclamped edges. This
boundary condition was expected to result in resonant modes with lower frequencies and
larger motion amplitudes than clamped (drumhead) membrane resonators of the same planar
dimensions. Figure 7.6.b shows the faint outline of each membrane. The actual effects of
these slits will be discussed in the experiment itself.

Figure 7.6: 2-D Trampoline (Unclamped) a) Layout Editor Design b) Front-view photograph
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Quadrant 3: 1-D Beam (Clamped and Unclamped) The third quadrant shown
in Figure 7.7, explores clamped and unclamped 1-D membrane resonators of various sizes.
The shape of the membranes are rectangles of different sizes.

Figure 7.7: 1-D Beam (Clamped and Unclamped) a) Layout Editor Design b) Front-view
photograph

Quadrant 4: Mixed (Clamped and Unclamped) The fourth quadrant as shown
in Figure 7.8 incorporates designs from Figures 7.5 to 7.7. The purpose of this arrangement
was to observe whether the response on the given membranes was significantly affected by
its arrangement relative to other membranes on the same quadrant.

Figure 7.8: 2-D Drumhead (Clamped), 2-D Trampoline (Unclamped) and 1-D
Beam (Unclamped and Clamped) a) Layout Editor Design b) Front-view photograph

7.2.5 Frequency Analysis and Computation

We investigated order of magnitude estimates of resonant frequencies for various resonant
membrane structures in different media using a combination of methods. First, we used ana-



33

lytical methods and finite element analysis simulation (COMSOL®) to predict the resonant
frequencies of the various structures in an air medium. We specifically explored the 2-D
drumhead (clamped) and trampoline (unclamped) shapes of different sizes using Equation
4).

We then used a finite element analysis simulation (COMSOL™) to model both the 2-
D Drumhead (Clamped) and Trampoline (Unclamped), and we obtained good agreement
between analytical methods (Equation 4) and finite element simulations (COMSOL™). We
relied on finite element simulations to determine the in-air resonances of more complex
geometries such as the unclamped trampoline resonators. We simulated different scenarios
including a “lowest mode” and ”X mode.” The “lowest” mode referred to the lowest frequency
that was able to induce resonance in the membrane. The “X” mode referred to the frequency
that induced the typical “X” shaped Chladni figure on the membrane. After deriving the in-
air resonant frequencies, We estimated the resonant frequencies in water by using a virtual
mass incremental (NAVMI) factor that accounted for the weight of water[13] [15]. We
estimated NAVMI factors based on literature for relatively similar structures and fluids [15]
to predict how the resonant frequencies may change when the media is changed to water.
By considering a water factor ranging from 0.17 - 1.87 based on the multimode membranes’
design, it was possible to estimate resonant frequencies based off of membrane length, size,
width, and boundary conditions[15].

The resonant frequencies that were predicted to induce resonance in the PiezoMUMPS®
in air and water using analytical equations, COMSOL®, and NAVMI factors are shown in
Table 1 to Table 8. The resonant frequencies of these resonators were predicted to be on
the order of magnitude of 105 Hz and 106 Hz, which were comparable to those reported in
[15]. In [15], Jia et al. tested the multimode resonances of a silicon rectangular membrane
(3000x120μm2) using frequencies 100 kHz - 1 MHz (also on the order of magnitude of 105

Hz and 106 Hz).

One thing to note, a thin membrane was expected to be driven at much lower frequencies
(approximately 100 kHz to 1MHz), than with a thicker membrane (approximately 10-100
MHz) [15]. 10 to 100 MHz frequencies are utilized by surface acoustic wave (SAW) de-
vices, whereas 100 kHz to 1MHz frequencies harness the boundary induced streaming forces
(acoustic streaming).

An image of the COMSOL®ouput was generated for a 2-D Drumhead (Clamped) and
Trampoline (Unclamped) at 2.21 MHz and 58.154 kHz respectfully (see Figure 7.10) with
the dimensions of 1.5mm×1.5mm×10μm. The COMSOL® modeling gave us confidence
that the range frequencies that were intended on being used were indeed resonant.
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Figure 7.9: Eigenmode of a 1.5mm×1.5mm×10μm Drumhead (Clamped) in Air at 2.21 MHz
modeled using COMSOL®

Figure 7.10: Eigenmode of a 1.5mm×1.5mm×10μm Trampoline (Unclamped) in Air at
58.154 kHz modeled using COMSOL®

Table 1: Predicted resonant frequencies of 2-D Drumhead (Clamped) Silicon PiezoMUMPs®
membrane in air using Equation 4 and COMSOL® at the lowest mode.

Thickness (m) Side length (m)
Resonant Frequencies

2-D Drumhead
Using Equation 4 (Air) (kHz)

Resonant Frequencies
2-D Drumhead
COMSOL (Air)

Lowest Mode (kHz)
1.00E-05 2.00E-03 34.092 34.112
1.00E-05 1.00E-03 60.608 60.625
1.00E-05 5.00E-04 136.369 136.34
1.00E-05 5.00E-04 545.476 544.84
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Table 2: Predicted resonant frequencies of 2-D Drumhead (Clamped) Silicon PiezoMUMPs®
membrane in air using COMSOL® at the lowest and X mode.

Thickness (m) Side length (m)

Resonant Frequencies
2-D Drumhead
COMSOL (Air)

Lowest Mode (kHz)

Resonant Frequencies
2-D Drumhead
COMSOL (Air)
X Mode (kHz)

1.00E-05 2.00E-03 34.112 1248
1.00E-05 1.00E-03 60.625 2217
1.00E-05 5.00E-04 136.34 4981
1.00E-05 5.00E-04 544.84 19852

Table 3: Predicted resonant frequencies of 2-D Trampoline (Unclamped) Silicon
PiezoMUMPs® membrane in air using Equation 4 and COMSOL® at the lowest mode.

Thickness (m) Side length (m)
Resonant Frequencies

2-D Trampoline
Using Equation 4 (Air) (kHz)

Resonant Frequencies
2-D Trampoline
COMSOL (Air)
Low Mode (kHz)

1.00E-05 2.00E-03 12.778 10.503
1.00E-05 1.00E-03 22.717 19.157
1.00E-05 5.00E-04 51.114 43.12
1.00E-05 5.00E-04 204.458 173.11

Table 4: Predicted resonant frequencies of 2-D Trampoline (Unclamped) Silicon
PiezoMUMPs® membrane in air using COMSOL® at the lowest and X mode.

Thickness (m) Side length (m)

Resonant Frequencies
2-D Trampoline
COMSOL (Air)
Low Mode (kHz)

Resonant Frequencies
2-D Trampoline
COMSOL (Air)
X Mode (kHz)

1.00E-05 2.00E-03 10.503 32.905
1.00E-05 1.00E-03 19.157 58.154
1.00E-05 5.00E-04 43.12 130.15
1.00E-05 5.00E-04 173.11 514.84
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Table 5: Predicted resonant frequencies of 2-D Drumhead (Clamped) PiezoMUMPs® mem-
brane in water using water factor at the lowest mode.

Side length (m) Water Factor

Resonant Frequencies
2-D Drumhead

COMSOL (Water)
Lowest Mode (kHz)

2.00E-03 0.2 68.22
1.00E-03 0.2 121.25
5.00E-04 0.2 272.68
5.00E-04 0.2 1089.68

Table 6: Predicted resonant frequencies of 2-D Drumhead (Clamped) PiezoMUMPs® mem-
brane in water using water factor at the X mode.

Side length (m) Water Mode

Resonant Frequencies
2-D Drumhead

COMSOL (Water)
X Mode (kHz)

2.00E-03 0.17 212.16
1.00E-03 0.17 376.87
5.00E-04 0.17 846.77
5.00E-04 0.17 3374.84

Table 7: Predicted resonant frequencies of 2-D Trampoline (Unclamped) PiezoMUMPs®
membrane in water using water factor at the lowest mode.

Side length (m) Water Factor

Resonant Frequencies
2-D Trampoline

COMSOL (Water)
Lowest Mode (kHz)

2.00E-03 0.67 7.04
1.00E-03 0.67 12.84
5.00E-04 0.67 28.89
5.00E-04 0.67 115.98
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Table 8: Predicted resonant frequencies of 2-D Trampoline (Unclamped) PiezoMUMPs®
membrane in water using water factor at the X mode.

Side length (m) Water Mode

Resonant Frequencies
2-D Trampoline

COMSOL (Water)
X Mode (kHz)

2.00E-03 1.87 61.53
1.00E-03 1.87 108.75
5.00E-04 1.87 243.38
5.00E-04 1.87 962.75
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7.2.6 Image Acquisition

For our microscale experiments, we used similar image acquisition techniques to those em-
ployed in the macroscale setup described in Section 7.1.2. A new microscope camera (Dino-
Lite Edge AM73915MZTL 5.0MP Digital USB Microscope 10x 140x Metal USB 3.0 AMR)
was used in order to accurately and precisely capture the microbeads (d = 50μm). The
camera was connected via USB to a computer and mounted directly above the Chladni
plate. The microscope took a specified number of frames per frequency outputted ( 0.0717
seconds per frame). With the addition of water, it took much longer for specific frequencies
to create a Chladni figure. The frame number ranged from 50 to 1000 frames depending on
the amplitude and frequency of the signal applied.

7.2.7 Image Processing and Object Identification

The macroparticle image acquisition techniques utilized on the macroscale were similar, but
needed changes on the microscale due to differing particle sizes and the introduction of fluid.
First, the images were geometrically transformed to correspond to a 2-D overhead view and
cropped. The geometric transformation and cropping was first applied to a sample image
and then applied uniformly to the remaining images in the data set.

The microbeads (d = 50μm) used in the microscale setup were red, starkly different
from the dark silver of the solder beads used with the multimode membrane resonators.
Instead of performing object identification via intensity thresholding in grayscale, the images
were processed in full color to take advantage of the strong red color of the microbeads in
object identification. The beads were analyzed by their color saturation content (Red, Blue,
and Green). The red color saturation values had the largest variability and significance
for identification as the microbeads themselves were red. Table 9 shows the specific design
choices made in color thresholding. Too much or too little of one color would inadvertently
filter out microbeads. After color thresholding, morphology operations were applied to the
binary images to obtain better fidelity to bead dimensions. The images were first flood-filled
with a “hole” of 25 pixels. By adjusting the “hole” size, it was possible to change the shape
of the microbeads’ outline. Subsequently, the same process described in Section 7.1.3 was
applied to identify each particle as an object.

Table 9: Threshold values used for red, green, and blue in the post-image processing.
Color Threshold Values (RGB)

Minimum Maximum
Red 90 150

Green 0 15
Blue 0 15
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7.2.8 Displacement Maps

Displacement maps for our microscale experiments were generated in a different manner
than that used to generate displacement maps at the macroscale. Instead of averaging the
displacement vectors from every 5th frame, the displacement vectors of frames 1 and 6, 2 and
7, 3 and 8, and so forth were averaged together. The inclusion of all frames increased post-
image processing time. However, we were able to acquire a more comprehensive displacement
map by using all frames acquired.

Subsequently, more improved displacement maps were created by using the weighted
average based off the time elapsed between each frame. Five separate displacement maps
were created using five separate frame intervals: 1, 2, 3, 4, and 5. For example, for a frame
interval of 1, Frames 1 and 2, Frames 2 and 3, Frames 3 and 4, etc. were averaged until
Frames 199 and 200. Similarly, for a frame interval of 2, frames 1 and 3, Frames 2 and
5, Frames 3 and 6, etc. were averaged until Frames 197 and 200. Subsequently, the five
displacement maps were averaged based off the time elapsed between the frame intervals.
For example, the time elapsed between Frame 1 and 2 was (ideally) one fifth of the time
spent between Frames 1 and 6. Therefore, the displacement vectors calculated with frame
intervals of 5 (e.g. Frame 1 and 6, Frame 2 and 7, etc.) should be 1/5 the weight of those
calculated using a frame interval of 1 (i.g. Frame 1 and 2, Frame 2 and 3, etc.).

Further improvements were made by bypassing the intermediate frames entirely and
only using the first and last frame. This was done by calculating any positive differences,
that is the movement towards the gathering of particles in the first and last frame (i.e.
Frames 1 and 200). This was done by using a Gaussian filter that was applied to the image
to create a color gradient. A heat map depicting the clustering of particles was created and
subsequently, the displacement map was created, but only including the positive difference
vectors. This final improvement created the highest fidelity displacement maps that were
able to bypass the circular particle movement that began to occur on the microscale. The
generated displacement maps are shown in Section 9.2.4.

8 Experimental

8.1 Macroscale Manipulation - Chladni Plate in Air

A Chladni plate, 50mm×50mm×500μm2 diced from a mechanical grade silicon wafer was
mounted on a piezoelectric actuator (Piezomechanik/PSt 150/2x3/5) using adhesive (Super
Glue). As in Zhou1, the polished side of the plate was oriented downwards to minimize
reflections toward the camera. The computer was connected via USB to the signal generator
(MokuLab®). The movement of the solder beads was captured using a microscope camera
(Dino-Lite Edge AF4115ZTW 1.3MP Digital USB Microscope 2x 50x FLC), connected via
USB to a computer and mounted directly above the Chladni plate. The schematic and
experimental setup is shown in Figure 8.1.

A sinusoidal signal output of frequencies 1245Hz, 1976Hz, 3951Hz, 7902Hz, 11175Hz,
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and 19912Hz was outputted in 6 different tests. These frequencies were selected based
off of [30] and previous analytical computations described in-depth in Section 7.1.1. The
frequencies outputted were programmed using MATLAB to have a 1Vpp or 2Vpp magnitude
- dependent on the frequency used. Because the output of the signal generator was limited
to a max voltage of 2Vpp, it was necessary to feed the signal through an amplifier (EPA104-
203). The signal output was sent through the amplifier (gain ranging from 0-20x) and
connected to the piezoelectric actuator, ultimately resulting in an output. We used output
ranges between 5-25 Vpp. The DC offset was 0V. The output signal was then sufficient to
drive the piezoelectric actuator and produce the Chladni figures produced [30] and shown in
Figure 9.1.

The frequencies could be generated in sequential order or in non-sequential, randomized
order allowing for versatility in the experiment. However, the solder beads were reapplied
to fully cover the Chladni plate between each applied frequency in order to capture a sizable
number of bead movements. Thus, the order in which each tested frequency was applied was
not relevant as each test was separate and did not have an affect on the others.

Originally, sand particles (d = 1mm) were placed on top of the Chladni plate and formed
Chladni figures in response to the resonant frequencies as pictured in Figure 9.1. However,
the diameter of the sand particles averaged 1 mm (1000μm), much larger than needed. Thus,
the sand particles were replaced with 750μm solder beads.

Figure 8.1: Macroscale manipulation with Chladni plate in air experimental setup. a)
schematic b) photograph

8.2 Microscale Manipulation - Multimode Membrane Resonator
in Water

The full die (8.5×8.5×0.001 mm) containing four quadrants (4.25×4.25×0.001 mm) of multi-
mode membrane resonators was mounted on a piezoelectric actuator electric actuator (APC
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841 6.25mm×6.25mm×.40mm) We used a standard non-conductive epoxy to connect the
quadrant to the piezoelectric actuator. The piezoelectric actuator was connected to the
ceramic package with conductive epoxy that doubled as a mechanical fastening and electri-
cal connection. The computer was connected via USB to a signal generator (MokuLab®).
Similar image acquisition techniques on the macroscale were used on the microscale.

The multimode membrane resonators were glued on top of the piezoelectric actuator,
leaving an air bubble in between the resonators and the actuator. Like in [15], an air bubble
was left to induce a standing wave pattern. This setup was placed in a chip package, allowing
for more accessible and robust electrical connections to the piezoelectric actuator. The signal
wire was soldered to the top electrode of the piezoelectric actuator, and the ground wire was
soldered to the conductive bottom of the package which made electrical contact with the
bottom electrode of the piezoelectric actuator through a conductive epoxy. Subsequently,
an insulating varnish layer (Sprayon®Insulting Varnish) was sprayed onto the actuator and
package in order to prevent shorts in the circuit with the addition of water. Microbeads (d
= 50μm) were sonicated in de-ionized (DI) water to disperse the beads more uniformly in
the liquid. Surfactant (Tween 80, 0.01% v/v) was added to minimize air bubble formation
around the beads. Sonication was ineffective as a method of dispersing particles left for long
periods as the particles settled to the bottom of the vial over a few hours. Merely shaking
the vial by hand for 2 seconds was sufficient to disperse the particles throughout the solution.

A new microscope camera (Dino-Lite Edge AM73915MZTL 5.0MP Digital USB Micro-
scope 10X 140X Metal USB 3.0 AMR) was used in order to accurately and precisely capture
the microbeads (d = 50μm). The schematic and experimental setup is shown in Figure 8.2.
More detailed photographs of the setup are shown in Figure 8.3. 50μL of the solution was
deposited on top of the multimode membrane resonators using a micropipette.

The actuating signal was swept through a range of frequencies from 10 kHz to 1 MHz
in steps of 10 kHz. Trials were conducted with both descending and ascending steps of
frequency. This range of frequencies was determined as discussed in Section 7.2.5 and [15].
Each note was programmed using MATLAB to have a 1 Vpp magnitude and sinusoidal shape.
The amplitude of the output was varied by changing the gain of the amplifier (EPA-104 230),
ultimately resulting in output voltages between ranging between 5- 25 Vpp.
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Figure 8.2: Microscale manipulation with multimode membrane resonators in water experi-
mental setup. a) schematic b) photograph

Figure 8.3: a) Photograph of microscale resonator platform. b) Close-up photograph of
microscale resonator setup.
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9 Results and Discussion

9.1 Macroscale Manipulation - Chladni Plate in Air

For the macroscale experiments, the image acquisition, image post-processing, and displace-
ment map generation were successful and consistent with design predictions and [30]. The
frequencies predicted in [30] matched with previous computations discussed in Section 7.1.1.
Figure 9.1 shows one of the early trials conducted with sand particles taken after playing
a note with a frequency of 3591 Hz. Later on, solder beads were used and formed Chladni
figures in Figure 9.1.2.a.

Figure 9.1: Picture of Chladni figure developed at 3951 Hz

9.1.1 Macroparticle Detection

The photos taken the 6-tested frequencies were processed through the post-image processing
algorithm described in Section 7.1.3. The particles were object-identified as shown in Figure
9.2 at 3951 Hz.

9.1.2 Displacement Maps

Displacement maps were created for each resonant frequency through the process described
in Section 7.1.4. A large displacement map for the movement of particles in response to a
7902 Hz note is seen in Figure 9.3. A figure with all test frequencies is shown in Figure 9.1.2.
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Figure 9.2: a) Original picture of the Chladni plate pre-image processing b) Object identifi-
cation on a cluster of solder beads. Yellow marks indicate identified particles.

Figure 9.3: Displacement map at 7902 Hz
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Figure 9.4: Photographs and processed images for Chladni plate experiments with various
resonant frequencies.
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9.1.3 Macroscale Experimental Issues

One issue we encountered on the macroscale was uneven resonance amongst the various
tested frequencies. From Figure 9.1.2, it is clear that some frequencies were more resonant
than others. For example, the figures formed in response to notes of 3.95kHz and 19.91kHz
were strongly defined, which we identified with a strong response by the particles due to
a strong amplitude of vibration of the Chladni plate. The vibrational amplitude of the
oscillating Chladni plate was possibly larger with some frequencies and less with others.
The beads moved more robustly in response to some frequencies compared to others.

Moving forward, there are a couple of ways to address this issue. One way is to increasing
the duration of each note while maintaining a relatively low amplitude. This approach
avoids loss of beads due to overdriving that can result by simply raising amplitude at all
frequencies. It also circumvents the analytical and computational effort to dynamically
adjust amplitude of driving voltages. On the other hand, the minimum amplitude must still
be empirically determined and set so that all notes demonstrate some response. Another
method is to dynamically change the voltage output of the signal generator based on the
resonance of a particular frequency. However, this method requires more understanding of
the specific resonances of a 50mm×50mm×500μm2 plate. However, it is also possible to
empirically arrive at these values as well, similar to the process with creating displacement
maps. Because the ultimate purpose of this experiment is to develop the control algorithm to
be implemented on the microscale, a comprehensive study of the resonance of the macroscale
Chladni plate was determined to not be a priority.

Another issue we encountered was the uneven tilt. Sensitivity of solder bead movement
to the tilt of the Chladni plate was another issue encountered during experiments. While the
goniometer placed under the Chladni plate was helpful in adjusting the tilt, it was extremely
difficult to perfectly level the plate. For example, in Figure 9.1.2 at 11175 Hz, the Chladni
figure was clearly assymmetric. One explanation is the uneven tilt resulting in the uneven
gathering of particles, evident at the bottom half of the Chladni plate at 11175 Hz.

Another issue we encountered was uneven coupling. Looking at Figure 9.1.2.c, it is
evident that some of the displacement maps are uneven, most notably those at 1245 Hz,
1976 Hz, and 11175 Hz. Because the piezoelectric actuator was glued to the plate manu-
ally, it is probable it was not exactly centered under the plate. Thus, the standing wave
patterns induced in the Chladni plate were not entirely symmetrical, ultimately resulting in
asymmetrical displacement maps.

Another issue we encountered was uneven lighting and glare. Initially, the image post-
processing algorithm was unable to eliminate the glare from the uneven lighting in the room
as depicted by Figure 9.5. Originally, we spent time and resources installing and using
new lighting sources to increase the light in the dark spots - most notably in the corners.
This method did not work as glare was further increased and dark spots left even darker.
However, with an improved image post-processing algorithm, the glare and uneven lighting
was eliminated.
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Figure 9.5: a) Chladni figure grayscale photo at frequency 19912 Hz with evident light glare
b) Post-processed image with evident glare

9.1.4 Macroparticle Manipulation

As a proof of concept test, we manipulated the position of a single particle with a single
note. The identified particle in Figure 9.6 was moved down the Chladni plate shown by the
displacement map in Figure 9.7.

Figure 9.6: Object-identified single particle

By using the experimental data and developed image post-processing algorithms, it
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Figure 9.7: Proof-of-concept displacement map demonstrating the correct and accurate abil-
ity to move particle using previously modeled resonances

should be possible in the future to manipulate a single particle on a Chladni plate. In
theory, the intended coordinate or position would be an input into a MATLAB algorithm.
Then, the path from the microrobot’s current position to the intended position would be
broken up into a set of waypoints. The microrobot’s trajectory would track these waypoints
in sequence. The algorithm would then loop through the saved displacement field maps and
choose the note (frequency) that best fit the intended movement to arrive at the desired
position. Then, the selected note would be played. This process would be repeated until
the particle reaches its intended destination. One consideration is choosing waypoints that
are close enough to one another. Choosing waypoints in close proximity would reduce the
likelihood that the microrobot would stray from the intended path. Another consideration
is particle size. For macroscale manipulation, the particle would be sub-mm.

9.2 Microscale Manipulation - 2-D Drumhead in Water

Following the macroscale experiments in air, we transitioned to testing microscale beads in
water. We intended to use the image post-processing algorithms and particle imaging process.
Though there were various membrane sizes and shapes, only the 2-D Drumhead (Clamped)
in water was tested at time of writing. The image acquisition and object-identification
algorithms were helpful, but needed refinement as described in Section 7.2.7. However the
displacement map algorithm needed much bigger improvements (discussed later in Section
9.2.4.)

On the microscale, the beads conformed to patterns in response to the motion of the
piezoelectric actuator under applied voltages of specific frequencies and amplitudes. The
patterns formed were not as geometrically symmetrical as on the macroscale. One poten-
tial reason is the use of water that introduced numerous microfluidic phenomena including
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acoustic streaming not seen on the macroscale. The typical Chladni figures that typically
are seen were not as evident.

9.2.1 Classic Chladni or Inverse Chladni Figures

From Figure 9.9, it is clear that the beads are conforming to the center of the 2-D Drumhead
(clamped) membrane. However, it is unclear however if the beads are forming inverse or
classical Chladni figures as discussed in section 6.3.3. The answer lies in the modes of the
various resonators. If the membranes are oscillating in the lowest mode, then Figure 9.9.a is
clearly showing an inverse Chladni figure; however, it is unclear what mode the membrane
was operating in. In a classical Chladni figure, the beads would form an “X” shape in the
center of the membrane which may also explain the clustering of particles in Figure 9.9a. as
well. Another reason is the locations where the beads are gathering most evidently are on
the smallest resonators. The beads are relatively large compared to these resonators, so is
difficult to observe the details of the figure. All we can see was that the beads gathered.

9.2.2 Resonant Frequency Analysis

The use of 1 kHz - 1 MHz in steps of 10 kHz predicted in the Section 7.2.5 provided a
sufficient range of frequencies to observe resonance on the chip. The observed frequencies
are clearly multiples of the predicted frequencies, indicative of eigenmodes. For example, the
predicted 68 kHz is 1/4 of the observed 280 kHz, 1/9 of the 540 kHz, and 1/13 of 920 kHz.
The predicted 272.7 kHz is 1/2 of the observed 540 kHz. The predicted 121 kHz is 1/4 of
the observed 480 kHz and 1/5 of the observed 600 kHz. However, while we predicted only
four of the lowest resonant frequencies, there were other resonant frequencies shown in Table
10 that were not necessarily multiples of the fundamental frequencies. One explanation is
the analytical computations and COMSOL® simulation cannot account for the complicated
interactions between the various parts: the coupling between the piezoelectric actuator and
membrane resonators, position at which the signal activates the piezoelectric actuator, and
the presence of mutual couplings between membrane resonators in proximity to each other.
In addition, the multimode membrane resonators did not necessarily need to operate at their
“natural frequency,” but rather be driven by a large enough amplitude to induce movement in
the microbeads despite not acting at a resonant frequency of the membrane [19]. Identifying
the suitable resonant/non-resonant frequencies was achieved through observation - if the
beads moved rapidly in response to a particular frequency, the frequency was denoted as
“resonant” as seen in Table 10.

For the future, it would be helpful to extend the frequency range beyond 1 MHz as the
predicted frequencies extend into the MHz range (>1MHz). Additionally, the step intervals
should decrease from 10 kHz, as certain resonant frequencies may be skipped due to the
large step intervals.

The same phenomena of uneven resonance was observed and is discussed in Section
9.1.3. Each frequency required different levels of amplitude to induce movement in the
beads ranging from 5 Vpp - 25 Vpp.
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Table 10: Table that shows the predicted frequencies of the 2-D Drumhead (Clamped)
using COMSOL ouput values and a water damping factor.

Resonant Frequencies on the
2-D Drumhead (Clamped-Clamped) Low Mode
Predicted (kHz) Observed (kHz)

68.224 280
121.25 400
272.68 480
1089.68 540

560
600
890
920
950

9.2.3 Image Post-Processing and Microparticle Detection

The image acquisition and image post-processing algorithms described in Section 7.2.6 were
successful as shown in Figure 9.8 at specifically 890 kHz. Even for smaller clusters of beads,
it was possible to properly detect the particles.

9.2.4 Displacement Maps

Accurate displacement maps at 890 kHz were developed as shown in Figure 9.11 and Figure
9.10. The initial displacement map algorithm developed on the macroscale was not entirely
helpful as shown in Figure 9.9 and needed refinement. The vectors were seemingly random
and did not conform to any clear pattern unlike on the macroscale.

One phenomena that the macroscale displacement map algorithm could not reconcile
was the ”circular phenomena” observed most likely as a result of acoustic streaming. Unlike
in the macroscale air experiment, the beads exhibited a circular motion which was also
observed in [29]. In [29], it was suggested that this phenomena was related to the particles
moving from the position of one mode of resonance to another mode of resonance nearby in
frequency as explained previously in Section 6.2.3. Possibly if the frame rate is fast enough,
the circular motion creates a vector of small or zero magnitude. A displacement vector with
a magnitude of 0 is not useful. The initial, inaccurate displacement maps created at both
890 kHz and 440 kHz are shown Figure 9.9.

The use of only the initial and final frame was particularly useful and described previ-
ously in Section 9.2.4.



51

Figure 9.8: a) Microparticles (50μm) are imaged on the 2-D Drumhead (clamped) chip quad-
rant at 890 kHz b) Microparticles (50μm) identified effectively using image post-processing
algorithms
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Figure 9.9: a) Microchip design was overlaid with the original images on the microscale at
890 kHz and 440 kHz b) Displacement maps were then made using algorithms from the
microscale c) Displacement maps were overlaid with the original images on the microscale
and microchip design
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Figure 9.10: Microscale displacement map at 890 kHz overlaid with the first frame
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Figure 9.11: Microscale displacement map at 890 kHz overlaid with the final frame
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9.3 Looking Forward

Moving forward, progress needs to be made on continuing to refine the displacement maps
in fluid. As noted before, when using the same displacement map generation techniques em-
ployed at the macroscale on the microscale, we observed poor fidelity between the maps and
the observed motion of particles. To address the issue, we revisited the image-pair spacing
used to generate the maps as well as explore alternative displacement map generation meth-
ods based solely on final position of particles in response to a note. We will continue to find
additional combinations of image-pairs and improve the current algorithms. Additionally,
new sets of photos and data will be taken in order to refine the accuracy of the displacement
maps.

Once new displacement maps are created more accurately, it will be possible to move
on to the control part of the experiment, designing the computer algorithm to use the
displacement maps to find the most effective frequencies to move the beads to their desired
position on the microscale.

Once the control algorithm is refined, it is necessary to take images of the three other
quadrants (2-D Trampoline, 1-D Beams, and Mixed Quadrant). If the previous displacement
algorithm is successful, then it will be possible to model the movement on all quadrants with
the same technique.

9.4 Conclusion

Overall, the objective of this project was to develop the experimental capability at USNA
to perform two dimensional particle manipulation in water and in air through the use of
macroscale and microscale Chladni plates and membranes. This goal was achieved using
statistical analysis of particle movement on the Chladni plate/membrane to model displace-
ment field maps. Manipulation and development of displacement maps was successful on
the microscale. Additionally, a modified object-identification algorithm was successful on the
microscale. The displacement map algorithm developed on the microscale was mostly suc-
cessful, but needs improvement in order to account for microfluidic phenomena. Future work
will be done to implement the displacement maps in controlling the microbeads. Ultimately,
this research will help advance the current, incomplete understanding of the acoustics field
in water at the microscale.
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10 Glossary

• Acoustic Radiation Force - force on objects as a result of sound waves

• Acoustic Streaming - flow of liquid as a result of the absorption of an acoustic wave

• Antinodes - positions of maximum displacement of a standing wave in a resonant
structure

• Chladni Figures - complex, symmetrical geometric patterns that particles on top of
Chladni plates conform to in response to specific resonant frequencies

• Chladni Plates - plates supporting particles that conform to geometric patterns on
the plate corresponding to the shapes of acoustic standing waves that are induced in
the plate

• COMSOL ® - finite element method analysis program that allows the user to model
various physics equations/phenomena

• Displacement Map - vector field that represents the motion of a bead/microrobot
at any place on the Chladni plate in response to specific excitation

• MEMSCAP - a microfabrication firm offering multi-user microelectromechanical pro-
cesses.

• Microrobots - robots with overall dimensions around 10 - 100 μm

• Multi-Mode Membrane Resonator - micrometer-scale thin membrane that oscil-
lates similar to Chladni plates, but instead is supported and vibrated through anchors
at its edges, rather than through an underlying, supporting post

• Nodes - positions of least displacement of a standing wave

• Piezoactuator - electrical device that converts an electrical signal into mechanical mo-
tion. Piezoelectric materials deform in response to the electric field imposed through
the material, typically using voltages applied to electrodes on the faces of the piezo-
electric material.
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