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Chapter 1

Introduction

Levitation of micro- and nano-objects has been a topic of great interest among scientists, with various
physical phenomena employed for stable levitation. Some of the commonly used techniques include
magnetic levitation, electric levitation, optical levitation, and acoustic levitation1. These techniques have
found applications in diverse fields such as containerless processing, material investigation, frictionless
bearings, high-speed transportation, spectroscopy, sensors, and energy harvesting1,2.

In the realm of magnetic levitation, different approaches are encompassed, including the use of per-
manent magnets, electromagnets, superconductors, and diamagnetic materials. While stable levitation
with regular magnets alone is not possible due to Earnshaw’s theorem, stabilization techniques such as
rotation or mechanical support can be employed to achieve pseudo-levitation3. On the other hand, su-
perconductive levitation, also known as quantum levitation or quantum locking, takes advantage of the
Meissner effect exhibited by superconductors, allowing them to levitate above or below a magnet. This
form of levitation provides stability and vibrational freedom, making it suitable for various applications4.
Furthermore, diamagnetic levitation exploits the repulsive force experienced by materials with a greater
diamagnetic effect than magnetic effect, enabling stable and free levitation without the need for additional
stabilization techniques5.

Another method of levitation is electric levitation, which involves the levitation of charged particles
in an electric field. Electrostatic levitation, a form of electric levitation, requires stabilization techniques
due to Earnshaw’s theorem. The quadrupole ion trap, also known as a Paul trap, is a popular method of
achieving stable levitation in an electric field. By employing changing potentials on four plates, charged
particles can be trapped and stably levitated at the center of the trap6.

Furthermore, optical levitation, achieved through optical tweezers, utilizes focused laser beams to
hold and manipulate small dielectric particles. While optical tweezers themselves do not provide stable
levitation, when particles are trapped without any support other than the laser beam, it can be considered
as optical levitation. Optical levitation is advantageous for its ability to levitate objects in air or vacuum
and offers attractive forces based on the relative refractive index between the particle and the surrounding
medium7. The quality factor (Q-factor) of optical tweezers, which quantifies the trapping efficiency,
depends on the trapping force, laser power, light velocity, and refractive index of the medium8.

In addition to optical levitation, another method is acoustic levitation, which relies on high-intensity
sound waves to levitate objects. Unlike other forms of levitation, acoustic levitation is independent of
electrical charge, magnetic susceptibility, or refractive index. This technique allows for the suspension of
both liquids and solids and exhibits stability in three-dimensional configurations. By manipulating the
sound waves, objects can be controlled and moved within the levitation field9.

Another approach to levitation involves diamagnetic materials, which are always repelled by a mag-
netic field. When a magnetic field is applied to a diamagnetic material, it induces a magnetic field in the
opposite direction, resulting in a repellent force. This unique property, combined with an inhomogeneous
magnetic field, enables stable and free levitation5.
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Table 1.1 shows a comparison of the pros and cons of the different levitation techniques discussed previ-
ously.

Magnets Superconductive Diamagnetic Electrostatic Quadrupole ion trap Optical Acoustic
Passive levitation ✓ x ✓ x x x x

Stable levitation without any stabilization technique x ✓ ✓ x ✓ x x
Vacuum compatibility ✓ ✓ ✓ ✓ ✓ ✓ x

Ability to levitate macro scale ✓ ✓ ✓ x x x x
Ability to levitate any material x x x x x x ✓

Table 1.1: A comparison of the different levitation techniques.

The relation between the magnetization of a material M and the magnetic field strength H is defined as:

M = χvH

From this, it can be seen that diamagnetic materials have a volume magnetic susceptibility (χv) less
than or equal to 0 in order to create an opposing magnetic field compared to the magnetic field source.
Superconductors, in particular, can be considered perfect diamagnets since they have a volume magnetic
susceptibility of χv = −110. However, superconductors need to be kept at very low temperatures to
exhibit their superconducting properties.

There are many materials that exhibit diamagnetic properties. Some notable examples include pyrolytic
carbon, bismuth, neon, mercury, silver, carbon (diamond and graphite), lead, copper, and water.

Moreover, in recent years, significant advancements have been made in levitating various objects
using diamagnetic materials and strong permanent magnets. Liquid droplets, cells, and solid particles
have been successfully levitated using small permanent magnets, opening up possibilities for applications
such as accelerometers, energy harvesters, viscosity and density sensors, and force sensors11–14.

Additionally, pyrolytic graphite stands out as a particularly intriguing material for diamagnetic ap-
plications. It demonstrates robust diamagnetic properties at room temperature, as shown in Table 1.22.

Property Symbol Value Unit
Density ρ 2070 kg/m3

Susceptibility ⊥ χz −450 ×10−6

Susceptibility ∥ χx,y −85 ×10−6

Conductivity ⊥ σz 200 S/m
Conductivity ∥ σx,y 200000 S/m

Table 1.2: Properties of pyrolitic graphite2.

These properties make pyrolytic graphite an ideal material for various applications involving diamagnetic
levitation and sensing.

The quality factor is a dimensionless parameter that characterizes the damping and oscillatory behavior
of a system. It is commonly used in physics and engineering to describe the quality or performance of
resonant systems.

In the context of damping, energy dissipation occurs in a system, resulting in the decay of oscillations
or vibrations. This phenomenon can be quantified by considering the amount of power dissipated by the
eddy currents per unit mass for a thin sheet, as given by the following formula15:

P =
π2B2

pd
2f2

6ρD
(1.1)
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A high Q factor indicates a low rate of energy dissipation and, consequently, a longer duration of oscillation
or resonance. In contrast, a low Q factor implies a significant energy loss per cycle and faster damping
of the oscillations.

Damping can arise from various sources, including air damping and eddy current damping. While air
damping occurs when the motion of an object through air leads to the dissipation of energy, eddy current
damping is another form of damping that occurs due to the generation of eddy currents in a conductor.

Air damping, for instance, occurs as the drag force exerted by the air on the object causes energy
loss. However, in certain cases, this effect can be minimized or eliminated by operating the system in a
vacuum. By reducing or removing the air molecules that interact with the system, the influence of air
damping can be significantly reduced2.

On the other hand, eddy current damping is specific to conductors. Eddy currents are induced by
a changing magnetic field passing through the conductor. These circulating currents create their own
magnetic field, which opposes the motion that induced them. Consequently, energy is dissipated as heat
in the conductor, resulting in damping of the system.

Both air damping and eddy current damping contribute to the overall damping of a system and af-
fect its Q factor. Minimizing or controlling these damping sources is important in designing systems with
high Q factors and prolonged oscillations.

When utilizing diamagnetic levitation for applications such as accelerometers, energy harvesters, and
sensors, minimizing damping becomes crucial in order to achieve a high Q factor16. Specifically, when
levitating a pyrolytic graphite plate over magnets and inducing vibrations, the generation of eddy cur-
rents due to the magnetic flux change in the plate leads to drag forces and damping16. To mitigate the
effects of eddy currents in the pyrolytic graphite plate, one approach is to reduce its size. Smaller plate
sizes result in fewer eddy currents. However, this reduction in plate size also limits the size of objects
that can be effectively levitated on the plate, such as droplets. To overcome this limitation, researchers
have incorporated pyrolytic graphite micro-particles (powder) into an electric insulating composite. This
composite hinders the free flow of eddy currents when the particles do not touch16. By employing this
approach, a higher Q factor can be achieved. In experimental studies, a Q factor as high as 0.5 million
was achieved by dispersing graphite powder with a particle size ranging from 2.7 to 22.7µm in Epotek
302-3M epoxy16.

The measurement setup for these experiments involved an MSA400 Polytec laser Doppler vibrometer
(LDV) for readout and the electrostatic excitation method. The levitating diamagnetic plate was driven
into resonance using an actuation voltage generated by a function generator and amplified by a 20×
voltage amplifier. The electrostatic force was generated by magnets connected to electrodes beneath the
levitating plate, with insulation provided by Kapton tape. The MSA laser beam was focused on the plate
to detect the vibration signal, and the acquired velocity was transferred to a PC for spectral analysis16.

To quantify the damping effect of eddy currents on the levitating resonator, a finite element method
(FEM) model was developed using COMSOL, a multiphysics simulation software2. The FEM model al-
lowed for visualization of the distribution of eddy currents within the material. The model also predicted
the Q factor as a function of plate length (L), with scaled plate thickness (t = 0.03L) and magnet size
(D = 1.2L)2.

When comparing the Q factor from the simulation to the Q factor measured with the pyrolytic graphite
powder plate, it was observed that the measured Q factor was lower than the theoretical prediction for
equal plate length. This discrepancy was attributed to the clustering of graphite micro-particles, which
resulted in increased plate length and more eddy currents, leading to a lower Q factor.
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Therefore, the critical research question that arises is:

How can the distribution of the graphite micro-particles be controlled and thus ensure that no micro-
particles are making contact to reduce the eddy currents and therefore increase the quality factor without
losing the ability to levitate macro-scale objects?

Furthermore, a secondary goal arising from the comprehensive research is:

the existing FEM model to quantify the eddy current damping should be verified.

The future goal is to increase the Q factor even further to a million or higher. The primary focus
in achieving this goal lies in decreasing the presence of eddy currents in the pyrolytic graphite plate.
Several approaches have been explored to realize this.

One option is to experiment with different outer shapes for the graphite plate, as it may slightly
interrupt the path of the eddy currents. However, the majority of the eddy currents would still be able to
move freely through the material. Another approach is to decrease the size of the graphite plate, which
reduces the number of eddy currents16. However, this reduction in size would also result in the loss of
the ability to levitate macro-scaled objects, which is an important property to maintain.

Introducing cuts in the graphite plate can effectively reduce eddy currents, but randomly placed
cuts may not yield satisfactory results. One potential approach involves making cuts in locations where
eddy currents are predicted to be dominant, based on a verified FEM (finite element method) model.
Additionally, using a finer pyrolytic graphite powder than the one used in previous experiments has the
potential to increase the Q factor16. However, producing a finer powder size than the current range of
2.7−22.7µm poses challenges. Furthermore, this approach does not address the issue of particle clustering
mentioned earlier.

Using a different composite material than Epotek 302-3M epoxy to disperse the graphite powder could
be an alternative. If the composite has a lower density than the epoxy, such as silica aerogel, less powder
would be needed to achieve levitation. However, this change would not completely solve the clustering
problem, although there would be reduced clustering due to the lower number of particles in an equal
volume, assuming an equal particle distribution.

Another approach involves positioning the graphite powder particles in a controlled manner to ensure
no clustering. However, achieving this level of control with a powder dispersion in a composite material
seems challenging. Alternatively, using segmented pieces of solid pyrolytic graphite instead of a powder
dispersion allows for accurate placement of segments, ensuring no contact between them. If the segments
can be made small enough, it is possible to achieve very high Q factors.

Several techniques have been explored to create these segments, such as lithography and laser cut-
ting. However, lithography methods like photolithography and electron-beam lithography are expensive
and may not be suitable for pyrolytic graphite17–19. While atomic force microscopy (AFM)-based elec-
trochemical etching has been investigated for lithography at the single atomic layer level in pyrolytic
graphite20, it appears to be less applicable for etching larger structures. In contrast, laser cutting offers
a more cost-effective and accessible approach that can be implemented using the existing laser cutter
available at the Delft University of Technology.

The initial results of the laser cutting experiments have shown an increase in the Q factor when the
pyrolytic graphite plate is cut into segments. However, the increase is not as substantial as expected,
likely due to the cuts not fully penetrating the graphite plate. This allowed eddy currents to pass between
the segments, resulting in more eddy currents and a lower Q factor. In future experiments, addressing this
issue by adjusting laser parameters or utilizing a different non-conductive base layer will be necessary.
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Chapter 2

Paper

Enhancing the Q Factor of Diamagnetically Levitating
Resonators by Segmentation

Eli Weisz
Delft University of Technology

Department of Precision and Microsystems Engineering
August 24, 2023

Abstract

Diamagnetic levitation presents a promising platform for realizing resonant sensors and energy
harvesters. The technique offers mechanical isolation from the environment while operating
with zero power consumption. This unique feature ensures exceptional sensitivity and accu-
racy in numerous applications. However, the presence of eddy currents in the levitating plate,
induced by the alternating magnetic field, poses challenges, leading to increased damping and
subsequently limiting the performance of levitating resonators. To address these issues, this
study proposes a novel solution through the segmentation of diamagnetic plates. By dividing
a pyrolytic graphite plate into smaller blocks, the flow of eddy currents is effectively restricted,
resulting in reduced damping and significantly higher Q factors. By comparing the theoretical
predictions using a FEM model from an earlier study with the measurements conducted the
proposed technique is further validated. This comparative analysis demonstrates the effective-
ness of the segmentation approach in mitigating damping due to eddy currents. Furthermore,
the implementation of the proposed method led to remarkable results, with achieved Q factors
exceeding 150 thousand.
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Introduction

Levitation of micro- and nano-objects has captivated the scientific community due to its potential ap-
plications in various fields such as containerless processing21,22, material investigation22–24, frictionless
bearings25, spectroscopy26,27, accelerometers28,29, energy harvesters30–32, viscosity/density sensors33, and
force sensors14. Researchers have explored different levitation techniques, including magnetic, electric,
optical, and acoustic levitation1. Each technique offers unique advantages and has been instrumental in
advancing the levitation technology.

When utilizing diamagnetic levitation for applications such as accelerometers, energy harvesters, and
sensors, minimizing damping becomes crucial to achieve a high quality factor (Q factor)16. In particular,
when levitating a pyrolytic graphite plate over magnets and inducing vibrations, the generation of eddy
currents due to the magnetic flux change in the plate leads to drag forces and damping16.

To mitigate the effects of eddy currents in pyrolytic graphite plates, one approach is to reduce their
size, as smaller plates result in fewer eddy currents. However, this reduction in plate size imposes limita-
tions on the size of objects that can be effectively levitated, such as droplets. To overcome this challenge,
researchers have incorporated pyrolytic graphite micro-particles (powder) into an electric insulating com-
posite, which impedes the free flow of eddy currents when the particles do not touch16. This approach
has shown promise, with experimental studies achieving Q factors as high as 0.5 million by dispersing
graphite powder with particle sizes ranging from 2.7 to 22.7µm in Epotek 302-3M epoxy16.

However, the measured Q factor of the pyrolytic graphite powder plate was observed to be lower than
the theoretical prediction for equal plate length due to the clustering of graphite micro-particles. This
clustering increased the effective plate length and resulted in more eddy currents, leading to a lower Q
factor. Therefore, the critical research question that arises is:

How can the distribution of graphite micro-particles be controlled to ensure that no micro-particles are in
contact, thereby reducing eddy currents and increasing the quality factor without compromising the ability
to levitate macro-scale objects?

Additionally, this comprehensive research aims to address a secondary goal:

To verify the existing finite element method (FEM) model used to quantify the eddy current damping.

In this paper, we present our experimental investigation into enhancing the Q factor of diamagnetically
levitating resonators through segmentation. We propose a novel approach to control the distribution of
graphite micro-particles, minimizing eddy currents while preserving the levitation capability for macro-
scale objects. Furthermore, we verify the accuracy of the existing FEM model for quantifying eddy
current damping.

The subsequent sections will detail our methodology, present the results of our experiments, discuss
the findings, and conclude with the implications and future directions of this research.
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Methodology

Sample Preparation

To conduct the experiment, we used pyrolytic graphite plates measuring 2×2mm. The sample preparation
involved the following steps: laser cutting, epoxy application, and polishing.

(a)

(b)

Figure 2.1: (a) Schematic of the sample preparation process: laser cutting, epoxy application, and
polishing. (b) A segmented pyrolytic graphite plate featuring an 8× 8 pattern, accompanied by zoomed-
in images that highlight both the complete pattern and the segmentation.

Pyrolytic graphite plates were prepared through a series of well-defined steps to achieve the desired
structure and properties.

The process began with a full pyrolytic graphite plate (Number 1), which served as the starting
material (see Figure 2.1a). Using a precise LASEA laser cutter, horizontal and vertical lines were etched
onto the graphite plate in a square pattern (Number 2). The laser-cut grooves were intentionally not
entirely cut through the plate, in order to preserve its structural integrity. Subsequently, an essential
step involved the careful application of epoxy resin into the laser-cut grooves (Number 3). This process
firmly held each segment together, providing the much-needed structural stability for the plate.

In the next phase, a smaller 2×2mm plate was cut from a larger plate of graphite, though this specific
step was not depicted in the figure. This prepared plate then underwent a thorough polishing process
on both the epoxy side and the graphite side. This polishing effectively eliminated any excess graphite
material and residual epoxy, resulting in a smooth surface finish with clearly defined segments (Number
4).

Additionally, Figure 2.1b showcases an exemplary 8×8 segmented pyrolytic graphite plate, highlight-
ing the successful application of the described segmentation process.

The prepared segmented pyrolytic graphite plates served as the basis for our investigation into the
enhancement of the Q factor of diamagnetically levitating resonators. The next section presents the
methodology employed to assess the impact of segmentation on the resonators’ performance.
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Experimental Setup

The measurement setup for this research consists of an MSA400 Polytec Laser Doppler Vibrometer
(LDV) and an electrostatic excitation system, the latter being housed within a vacuum chamber. The
vacuum chamber is utilized to minimize damping losses due to air resistance and maintain a controlled
environment for accurate measurements. Figure 2.2a illustrates the measurement setup with the vacuum
chamber.

The electrostatic excitation system includes a function generator that generates the actuation volt-
age. This voltage is then amplified by a 20× voltage amplifier, which drives the levitating plate into
resonance. The levitating plate is positioned within the vacuum chamber and subjected to electrostatic
forces transferred by magnets connected to electrodes. To ensure proper insulation and prevent any
electrical interference, the magnets are separated by a layer of Kapton tape.

The MSA400 LDV, positioned outside the vacuum chamber, is utilized to measure the vibration of
the levitating plate. It operates by focusing a laser beam onto the plate, detecting the Doppler shift of
the reflected light. This enables precise and accurate measurements of the plate’s velocity. The acquired
velocity data is then transferred to a PC for spectral analysis.

The controlled environment within the vacuum chamber ensures that external factors are minimized,
providing reliable data for the evaluation of the laser cutter segmentation’s impact on reducing eddy
currents.

(a) (b)

Figure 2.2: (a) Measurement setup with the MSA400 Polytec LDV, the vacuum chamber, and the
electrostatic excitation method. (b) Frequency response curve of the 8 × 8 pattern plate at ≈ 1mbar.
The observed mode shapes are shown schematically close to the corresponding resonance peaks.
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Results

In this section, our focus lies on exploring the impact of segmentation on the Q factor of the resonators.
To delve into this, we initiated an experiment that involved the measurement of the ringdown response of
the levitating resonators. The purpose of this experiment is to gain insight into how segmentation affects
the Q factor.

Before conducting the analysis of the free vibration decay, it is essential to determine the resonant
frequencies of the system. This information is crucial for exciting the resonator into its resonant states
during the subsequent measurements. The resonant frequencies are depicted in Figure 2.2b, showcasing
the frequency response curve of the 8× 8 pattern plate at an approximate pressure of 1mbar. The curve
exhibits distinct resonance peaks corresponding to specific modes of vibration. The first peak, situated
around 24Hz, signifies rotation about the x-axis, while the second peak, at roughly 26Hz, corresponds
to rotation about the y-axis. The third peak, occurring near 33Hz, represents vertical movement along
the z-axis. It is noteworthy that this third mode boasts the highest Q factor among all observed modes.

Within these primary peaks that denote the eigenmodes, smaller peaks emerge, indicating the pres-
ence of higher-order harmonics and sub-harmonics of these eigenmodes. However, the precision of the
frequency response curve could have been influenced by the quality of the graphite plate’s reflective sur-
face. Imperfections in the reflective surface might have led to undesired reflections and noise, resulting
in the appearance of supplementary minor peaks in the frequency response curve.

With the resonant frequencies identified, the subsequent step involves executing the free vibration
decay measurement methodology. This technique entails exciting the resonator into a resonant state
using electrostatic force and subsequently terminating the driving force to monitor the decay of the
oscillations. The decay process can be suitably modeled using an exponential decay function ∝ e−t/τ ,
where τ denotes the decay time.

In Figure 2.3a, an exemplar measurement is presented, illustrating the decay behavior of a 4 × 4

pattern plate featuring a graphite particle size of 490µm under a vacuum pressure of 1.2 × 10−5mbar.
The figure provides insight into the free oscillation decay curve of the resonator, accompanied by the fitted
envelope. This comprehensive approach to characterizing the resonator’s behavior aids in understanding
its dynamic properties and behavior.

(a) (b)

Figure 2.3: (a) Free oscillation decay of a 4x4 pattern plate with a graphite particle size of 490µm at
1.2 × 10−5mbar, along with the fitted envelope resulting in a Q factor of 4058.68. (b) Shows the decay
for a full graphite plate and multiple other patterns.

Illustrated in Figure 2.3b are the results of multiple free vibration decay experiments. The experiments
involved a levitating full graphite plate and five patterned plates, each with different particle sizes and
patterns (2× 2, 4× 4, 8× 8, and 32× 32). The corresponding particle sizes were 960µm, 490µm, 183µm,
and 54µm.
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The measurements were conducted under vacuum conditions, with the vacuum pressure varying from
2.0× 10−5mbar to 2.4× 10−6mbar. The pressure range is considered acceptable for analysis since, below
2.0× 10−5mbar, only the eddy currents impact the damping16.

The most notable finding from the figure is that the plate with the smallest particle size (32 × 32

pattern with 54µm particles) exhibited the highest Q factor among all the configurations tested, with a
Q factor of 152, 273.3.

These results confirm the effectiveness of segmentation in enhancing the Q factor of diamagnetically
levitating resonators. The smaller particle size and finer segmentation lead to reduced energy dissipation
and improved resonator performance.

To delve into the intricate effects of segmentation on composite materials, it’s essential to highlight
the role of particle size. This study focuses on how particle size impacts levitation height, vibrational
modes, and the Q factor within composite systems. Analyzing these relationships helps uncover how
segmentation-induced changes in particle size affect how the pyrolytic graphite plates respond to forces,
vibrations, and energy dissipation. In short, understanding particle size’s impact enhances our compre-
hension of segmentation’s influence on material behavior.

Depicting both experimental measurements and COMSOL simulations, the correlation between graphite
particle size and levitation height is shown in Figure 2.4a. In the simulations, a constant plate thickness
of 0.2mm was assumed. The results from the simulations reveal that decreasing particle size leads to a
reduction in levitation height. This effect stems from the decrease in graphite volume fraction within
the composite material. Smaller particles translate to less diamagnetic material, resulting in a weaker
repulsive force against gravity.

Nevertheless, the observed levitation heights for various particle sizes lack a distinct pattern. This
discrepancy likely arises from inconsistencies in graphite and epoxy thickness among the samples. These
thickness variations introduce irregularities in the levitation behavior, hindering the establishment of a
direct link between particle size and levitation height based solely on experimental observations.

Moving on to Figure 2.4b, the figure portrays the connection between graphite particle size and resonant
frequency for the third vibration mode, depicted in Figure 2.2b. Both simulation and measurement data
are depicted. This third mode showcases the plate’s up-and-down motion and was chosen specifically for
vibration decay measurements.

The simulation data demonstrates that diminishing particle size corresponds to an increase in the res-
onant frequency. This shift originates from alterations in graphite and epoxy volume fractions within the
composite material. As particle size decreases, the graphite fraction diminishes while the epoxy fraction
rises. Considering pyrolytic graphite’s density (2070kg/m3)2 and epoxy’s density (1150kg/m3)34,35, the
plate’s total mass drops. In a spring-mass system, mass and frequency are inversely proportional, leading
to higher resonant frequency with smaller particle sizes. This connection can be expressed as f ∝ 1√

m
,

where f represents frequency and m symbolizes mass.
However, the resonant frequencies observed for diverse particle sizes lack a clear trend. This absence

of a logical pattern can be attributed to discrepancies in graphite and epoxy thicknesses among different
samples. These variations introduce deviations in resonant behavior, making it challenging to establish
a straightforward relationship between particle size and resonant frequency solely based on experimental
findings.
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(a) (b)

(c)

Figure 2.4: (a) Graphite particle size vs. levitation height for experimental measurements and COMSOL
simulations. The simulation data reveals a decreasing levitation height trend as particle size decreases
due to the reduction in the volume fraction of graphite. The measured levitation heights for different
particle sizes show no clear trend, likely due to varying graphite and epoxy thicknesses in the samples.
(b) Graphite particle size vs. resonant frequency for the third mode of vibration. The simulation data
demonstrates an increasing trend of resonant frequency as particle size decreases due to changes in the
volume fraction of graphite and epoxy, resulting in a decrease in the total plate mass. The measured
resonant frequencies for the third mode do not exhibit a clear trend, likely due to varying graphite and
epoxy thicknesses in the samples. (c) Graphite particle size vs. Q factor for simulation and measurement
data. Both datasets exhibit a clear trend: as the particle size decreases, the Q factor increases. The
measured Q factors deviate slightly lower than the simulation data, possibly due to imperfections in the
experimental setup and sample preparation, such as incomplete separation of segmented blocks or the
presence of graphite powder in the epoxy.
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Lastly, in Figure 2.4c, the depiction outlines the relationship between graphite particle size and Q factor,
considering both simulation and measurement data. Both datasets exhibit a consistent pattern: decreas-
ing particle size corresponds to an increase in Q factor, mirroring the observations in Figure 2.3b. The
simulation and measured data closely align, with Q factors closely matching for most particle sizes.

However, as particle size decreases further, the measured Q factor slightly deviates, falling below the
simulation data. This divergence can be attributed to imperfections in the experimental setup and sam-
ple preparation. Factors such as incomplete separation of segmented blocks or the presence of graphite
powder in the epoxy due to the laser cutting process may contribute to the lower measured Q factors.

The integration of a finite element method (FEM) model, for this study a COMSOL model, is pivotal
in decoding the relationship between eddy current density and segmentation effects. These simulations
provide a dynamic platform to visualize and quantify eddy current behavior under various segmentation
patterns. By directly observing eddy current density distributions in Figure 2.5, we bridge theory and
observation, offering quantitative insights into how segmentation influences eddy currents. This model-
ing approach enables us to establish a quantitative foundation for subsequent analyses, connecting eddy
currents to damping coefficients and the Q factor. In essence, COMSOL simulations enhance our under-
standing of how particle size and segmentation intricately shape material responses.

In Figure 2.5, we can observe the distribution of eddy current density obtained from COMSOL sim-
ulations for different patterns: a full graphite plate, a 16× 16 pattern, and a 32× 32 pattern. The eddy
current density is represented using color maps, where warmer colors indicate higher densities.

The first image, Figure 2.5a, illustrates the full graphite plate, showing a relatively uniform and high
eddy current density across the entire plate. As we reduce the particle size in the pattern, the eddy
current density decreases. This trend is evident in both the 16×16 pattern (Figure 2.5b) and the 32×32

pattern (Figure 2.5c). In these segmented patterns, the eddy current density becomes more localized
within the individual segments above the corners of the magnets, resulting in a significant reduction in
overall density compared to the full plate.

(a) Full Graphite Plate (b) 16× 16 Pattern (c) 32× 32 Pattern

Figure 2.5: Eddy current density distribution from COMSOL simulation for different patterns: (a) Full
Graphite Plate, (b) 16× 16 Pattern, (c) 32× 32. The eddy current density decreases as the particle size
is decreased.
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Now, let’s explore the relationship between the eddy current density and the Q factor. We calculate the
force exerted by the eddy currents, represented as Fe, using the equation:

Fe =

∫

V

(J×B)dV (2.1)

Here, J denotes the eddy current density vector, and B represents the magnetic flux density vector. Since
the plate’s velocity is assumed to be only in the z-direction, we can relate the force Fe to the damping
coefficient c and the velocity v through the equation:

Fe = −cv (2.2)

Furthermore, the Q factor of the system, denoted as Q, can be related to the plate’s mass m and its
resonant frequency fres using the equation:

Q =
2πmfres

c
(2.3)

In Table 2.1 the values of the damping coefficient and Q factor for the three patterns are shown, con-
sidering: The velocity of the plate is assumed to be 1m/s. The mass of the plate is assumed to be
1.66× 10−6kg. The resonant frequency of the system is assumed to be 34Hz.

Table 2.1: Values of c and Q for the three patterns.

Pattern c Q

Full Plate 3.54× 10−7 1000.40
16× 16 Pattern 4.92× 10−9 71945.37
32× 32 Pattern 8.77× 10−10 403610.51

Therefore, as we observe a decrease in the eddy current density due to segmentation, the force exerted by
the eddy currents also decreases, leading to a reduction in the damping coefficient c. As a consequence,
the Q factor of the system increases, indicating a higher quality factor and lower damping effects caused
by eddy currents. The division of the plate into smaller segments restricts the flow of eddy currents,
resulting in more efficient mitigation of damping effects and an overall improvement in the system’s
performance.
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Discussion & Conclusion

The presented study explores the remarkable potential of segmented pyrolytic graphite plates in enhancing
the Q factor of diamagnetically levitating resonators. An innovative approach was achieved to restrict
eddy current flow, leading to reduced damping and substantially higher Q factors. This achievement
holds significant promise for applications in accelerometers28,29, energy harvesters30–32, viscosity/density
sensors33, and force sensors14.

By segmenting the graphite plate, eddy current density was successfully controlled, and minimized
their detrimental effects on the resonators’ performance. This strategic solution effectively addresses the
challenge of damping, enhancing the Q factor, and enabling the realization of highly efficient levitating
resonators.

While the results demonstrate considerable success, several limitations deserve attention. Variations in
sample preparation, such as inconsistent epoxy distribution or variations in graphite and epoxy thickness,
may contribute to the observed deviations in measurements. This aspect underscores the importance of
refining the segmentation technique for consistent and repeatable results.

Looking ahead, further research is warranted to refine the segmentation process and mitigate limi-
tations. Exploring advanced fabrication techniques, precise epoxy application methods, and improved
polishing approaches could yield more consistent results and elevate the Q factor even further.

Additionally, investigating the integration of segmented pyrolytic graphite plates in practical appli-
cations remains an exciting avenue. Further studies could examine the impact of segmented designs on
device performance, considering aspects like levitation stability, response time, and sensitivity.

In conclusion, this study unveils the potential of segmented pyrolytic graphite plates as a transforma-
tive solution for enhancing the Q factor of diamagnetically levitating resonators. While challenges persist,
the demonstrated successes and future research directions promise to reshape the landscape of precision
engineering and microsystems, opening new horizons for resonant sensors and energy harvesters.
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Chapter 3

Conclusion & Reflection

This research explored the challenge of controlling graphite particle distribution to reduce eddy currents,
enhance the quality factor, and keep the ability to levitate large objects intact. This section summa-
rizes our findings, highlights their importance, acknowledges limitations, and suggests future research
directions.

As mentioned in the beginning, our main question was: "How can the distribution of graphite micro-
particles be controlled to ensure that no micro-particles are in contact, thereby reducing eddy currents
and increasing the quality factor without compromising the ability to levitate macro-scale objects?"
By carefully conducting experiments, analyzing data, and using computer models, we delved into the
relationship between particle size and eddy currents.

Among the different patterns and particle sizes we tested, the plate with the smallest particles (32×32

pattern with 54µm particles) performed the best, showing a high Q factor of 152, 273.3. This emphasizes
the role of particle size and distribution in improving the quality factor of diamagnetically levitating
objects. When particle size decreases, eddy currents decrease too, showing that better performance can
be achieved with finer particle size.

We also looked into how the size of graphite particles affects levitation height, using both experiments
and simulations. However, variations in the thickness of graphite and epoxy in different samples made
this relationship complex.

The simulations showed that smaller particles lead to higher resonant frequency. This happens because
of changes in the composite mass. Although the experimental data didn’t always show a clear pattern,
this observation gives us a clue about the connection between particle size, resonant frequency, and
diamagnetic levitation.

We observed a consistent trend when comparing simulation and measurement data for the Q factor
in relation to particle size. As expected based on previous research and theoretical understanding, a
reduction in particle size corresponded to an increase in the Q factor. This reaffirms our primary objective
– the precise control of particle distribution leads to an enhancement in the quality factor of diamagnetic
resonators.

This research goes beyond just levitation. The new method we introduced for controlling particle
distribution using laser cutting has broad implications. It not only helps with reducing eddy currents
but also validates models for eddy currents. This connection between theory and practice is a significant
step forward.

This research journey is not without its limitations. Despite the valuable insights gained, certain
challenges and limitations should be acknowledged. The practical execution of the theoretical idea proved
intricate, especially as particle sizes diminished. Achieving optimal cutting parameters, a process that
extended over weeks to months, occasionally posed demotivating hurdles. The inherent imperfections
in the initial pyrolytic graphite plates, varying in thickness and surface quality, introduced unavoidable
irregularities. Additionally, the process of epoxy deposition encountered difficulties in ensuring uniform
distribution over the laser-cut graphite plate. The post-processing phase presented challenges due to
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the small plate size, resulting in uneven pressure during polishing and potential discrepancies in particle
distribution. The laser cutting process itself, as particles decreased in size, posed challenges in avoiding
damage. Despite these limitations, each hurdle surmounted added to the depth of knowledge gained and
the robustness of the conclusions drawn from this research.

Looking ahead, our research suggests several promising avenues for future exploration. One notable
recommendation involves enhancing the quality of the initial graphite plates. Ensuring a uniform thickness
and addressing any surface imperfections in these plates could significantly enhance the reproducibility
and reliability of experimental results. Furthermore, a more precise deposition of epoxy onto the laser-cut
graphite plate is recommended. Achieving a consistent distribution across the surface would contribute
to the overall success of the approach.

In addition to these refinements, we propose a broader exploration of particle shapes and plate designs.
Specifically, investigating alternative shapes for segmented particles and considering variations in the
design of the levitating plate holds the potential to yield valuable insights. This is particularly relevant
in regions where strong eddy currents are prevalent. By strategically placing smaller particles in these
high-current zones, we may uncover new strategies for reducing eddy currents.

This research’s significance extends beyond levitation; it impacts materials engineering too. Precisely
controlling micro-particle distribution opens doors to composite material innovations that could shape
industries from levitation to manufacturing.

Moreover, this study bridges theory and practice. By linking theoretical models with real-world mea-
surements, it connects abstract ideas to practical solutions.

Reflecting on the journey of this research, it’s clear that the theoretical framework laid out the path, but
execution posed significant challenges, particularly as particle sizes decreased. Striving for optimal cut-
ting parameters, a process that could take weeks to even months, at times cast a shadow of demotivation.
Yet, through these challenges, an invaluable learning experience unfolded. This journey illuminated the
essence of thorough and relevant research – from immersing oneself in relevant subject matter, identifying
research gaps, and formulating precise research questions to devising and refining the optimal approach.

The practical process brought frequent returns to the drawing board, a reminder that unforeseen
hurdles are an inherent part of groundbreaking research. This journey instilled the importance of re-
silience, adaptability, and unwavering dedication in overcoming obstacles and driving toward meaningful
outcomes.

As we conclude this phase of research, we stand at the crossroads of newfound knowledge and unex-
plored possibilities. The insights gained will continue to shape our exploration, not only in levitation but
also in various scientific avenues.

The lessons learned, challenges faced, and insights gained showcase the strength of scientific inquiry.
We’re grateful to all who contributed and look forward to seeing the impact of this research ripple
across disciplines, sparking new ideas and shaping the trajectory of diamagnetically levitating resonators’
evolution.
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Appendix A

MATLAB code Figure 2.2b

1 clear
2 close all
3 clc
4
5 % Set font size
6 font_size = 13;
7
8 % Import data
9 d = importdata('FFT.txt');

10 time = d.data(:, 1);
11 data = d.data(:, 2);
12
13 % Set start and end time (in seconds)
14 start_time = 0; % Start time
15 end_time = 0; % End time
16
17 % Filter data based on the specified time range
18 if start_time == 0 && end_time == 0
19 % Use all data
20 d_filtered = d.data;
21 else
22 % Filter data based on the specified time range
23 idx = (time >= start_time) & (time <= end_time);
24 d_filtered = d.data(idx , :);
25 end
26
27 % Plot original data within the specified time range
28 figure (1);
29 % plot(time(idx), data(idx));
30 hold on
31
32 % Compute envelope
33 [up , lo] = envelope(d_filtered (:, 2), 2000, 'peak');
34
35 % Plot filtered data
36 plot(d_filtered (:, 1), d_filtered (:, 2));
37 yticklabels(get(gca , 'ytick') * 1000);
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38 xlabel('frequency [Hz]', 'FontSize ', font_size);
39 ylabel('velocity [mm/s]', 'FontSize ', font_size);
40 set(gca , 'FontSize ', font_size); % Set font size for tick labels and

axis labels
41 grid off;
42 hold off;
43
44 %% If data is in the time domain
45
46 % Perform FFT on the filtered data
47 Fs = 1 / (time (2) - time (1)); % Sampling frequency
48 N = length(d_filtered (:, 2)); % Length of signal
49 fft_signal = fft(d_filtered (:, 2), N) / N; % Compute FFT
50 frequencies = Fs * (0:(N/2)) / N; % Frequency vector
51
52 % Plot the single -sided amplitude spectrum
53 figure (2);
54 plot(frequencies , 2 * abs(fft_signal (1:N/2+1)));
55 xlabel('Frequency [Hz]', 'FontSize ', font_size);
56 ylabel('Amplitude ', 'FontSize ', font_size);
57 set(gca , 'FontSize ', font_size); % Set font size for tick labels and

axis labels
58 grid on;
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Appendix B

MATLAB code Figure 2.3a

1 clear
2 close all
3 clc
4
5 % Import data
6 d = importdata('file.txt');
7 time = d.data(:, 1);
8 data = d.data(:, 2);
9

10 % Set measured resonant frequency
11 f0 = 33.25;
12
13 % Set start and end time (in seconds)
14 start_time = 7; % Start time
15 end_time = 120; % End time
16
17 % Filter data based on the specified time range
18 if start_time == 0 && end_time == 0
19 % Use all data
20 d_filtered = d.data;
21 else
22 % Filter data based on the specified time range
23 idx = (time >= start_time) & (time <= end_time);
24 d_filtered = d.data(idx , :);
25 end
26
27 % Plot original data within the specified time range
28 figure (1);
29 % plot(time(idx), data(idx));
30 hold on
31
32 % Compute envelope
33 [up , lo] = envelope(d_filtered (:, 2), 2000, 'peak');
34
35 % Plot filtered data
36 plot(d_filtered (:, 1), d_filtered (:, 2));
37
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38 % Plot envelope
39 plot(d_filtered (:, 1), up, 'DisplayName ', 'Envelope ')
40
41 % Fitting simple harmonic oscillator
42 fo = fitoptions('Method ', 'NonlinearLeastSquares ',...
43 'Robust ', 'Off',...
44 'Algorithm ', 'Trust -Region ',...
45 'DiffMinChange ', 1.0e-8,...
46 'DiffMaxChange ', 0.1,...
47 'MaxFunEvals ', 600,...
48 'MaxIter ', 400,...
49 'TolFun ', 1.0e-9,...
50 'TolX', 1.0e-6,...
51 'Lower', [0, -1],...
52 'Upper', [1, 0],...
53 'StartPoint ', [0.0006 , -0.002]);
54 ft = fittype('A0 * exp(B0 * x)', 'options ', fo);
55 [curve2 , gof2 , output2] = fit(d_filtered (:, 1), up, ft);
56
57 font_size = 13;
58
59 % Plot fitted curve
60 plot(curve2);
61 yticklabels(get(gca , 'ytick') * 1000);
62 xlabel('time [s]', 'FontSize ', font_size);
63 ylabel('velocity [mm/s]', 'FontSize ', font_size);
64 set(gca , 'FontSize ', font_size); % Increase tick label font size
65 xlim([start_time , end_time ])
66 grid off
67 hold off
68
69 % Compute parameters
70 Tao = -1 / curve2.B0;
71 A0_fitted = curve2.A0;
72 B0_fitted = curve2.B0;
73 Rsquare = gof2.rsquare;
74 Q = pi * f0 * Tao;
75
76 % Display Q factor
77 fprintf('Q factor: %.2f\n', Q);
78
79 % Add Q factor to figure 1
80 figure (1);
81 legend('Data', 'Envelope ', 'Fitted curve', 'Location ', 'southeast ', '

FontSize ', 12);
82 % Find the middle point of the fitted curve
83 middle_point = (min(d_filtered (:, 1)) + max(d_filtered (:, 1))) / 2;
84 middle_velocity = feval(curve2 , middle_point);
85 text(middle_point , middle_velocity , sprintf('Q factor: %.2f', Q), '

HorizontalAlignment ', 'left', 'FontSize ', font_size , '
VerticalAlignment ', 'bottom ', 'Rotation ', -8);
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Appendix C

MATLAB code Figure 2.3b

1 clear
2 close all
3 clc
4
5 % Define font size
6 font_size = 13;
7
8 % File names
9 fileNames = {'d_filtered_1x1.mat', 'd_filtered_2x2.mat', 'd_filtered_4x4

.mat', 'd_filtered_8x8.mat', 'd_filtered_32x32.mat'};
10
11 % Set axis limits
12 xmin = -50;
13 xmax = 700;
14 ymin = 0.00015;
15 ymax = 0.012;
16
17 figure;
18 hold on;
19
20 colors = lines(numel(fileNames)); % Generate a color matrix for

different lines
21
22 x_data = cell(numel(fileNames), 1); % Cell array to store 'x' data from

each iteration
23 up_data = cell(numel(fileNames), 1); % Cell array to store 'up ' data

from each iteration
24
25 for i = 1:numel(fileNames)
26 % Import data
27 data = importdata(fileNames{i});
28
29 % Shift x-axis to start from 0
30 x = data(:, 1) - data(1, 1);
31
32 % Compute envelope
33 [up , lo] = envelope(data(:, 2), 2000, 'peak');
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34
35 % Plot envelope using plot
36 plot(x, up , 'DisplayName ', ['Envelope ', num2str(i)], 'Color',

colors(i, :));
37
38 % Store 'x' and 'up ' data
39 x_data{i} = x;
40 up_data{i} = up;
41 end
42
43 % Extend the lines horizontally to xmin
44 for i = 1:numel(fileNames)
45 x = x_data{i};
46 up = up_data{i};
47 line([xmin , x(1)], [up(1), up(1)], 'Color', colors(i, :), 'LineStyle

', '-');
48 end
49
50 hold off; % Disable the hold state
51
52 % Add opaque grey color patch
53 patch ([0 xmin xmin 0], [ymin ymin ymax ymax], [0.5 0.5 0.5], 'FaceAlpha '

, 0.5, 'EdgeColor ', 'none');
54
55 % Adjust the axis limits
56 xlim([xmin , xmax]);
57 ylim([ymin , ymax]);
58
59 % Set y-axis to logarithmic scale
60 set(gca , 'YScale ', 'log');
61
62 % Edit y-axis tick labels
63 yticks(get(gca , 'ytick'));
64 yticklabels(arrayfun (@(x) sprintf('%.2f', x * 1000), get(gca , 'ytick'),

'UniformOutput ', false));
65
66 % Set font size for tick labels
67 set(gca , 'FontSize ', font_size);
68
69 % Add 'on ' text label
70 text(-5, ymax , 'on', 'Color', 'white', 'HorizontalAlignment ', 'right', '

VerticalAlignment ', 'top', 'FontSize ', font_size);
71
72 % Add 'off ' text label
73 text(5, ymax , 'off (excitation)', 'Color', [0.5 0.5 0.5], '

HorizontalAlignment ', 'left', 'VerticalAlignment ', 'top', 'FontSize ',
font_size);

74
75 xlabel('time [s]', 'FontSize ', font_size);
76 ylabel('velocity [mm/s]', 'FontSize ', font_size);
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77 legend('2000 m (Q = 1014.8) ', '960 m (Q = 2456.1) ', '490 m (Q =
4575.6) ', '183 m (Q = 17038.3) ', '54 m (Q = 152273.3) ', 'Location
', 'southeast ', 'FontSize ', font_size);
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Appendix D

MATLAB code Figure 2.4a

1 clear
2 close all
3 clc
4
5 % Set font size
6 font_size = 13;
7
8 % Load COMSOL simulation data from Excel
9 levitationHeight_file = 'Levitation height.xlsx';

10 levitationHeight_sheet = 'Blad1';
11 levitationHeight_data = readtable(levitationHeight_file , 'Sheet',

levitationHeight_sheet , 'Range', 'B2:N5');
12 levitation_height = table2array(levitationHeight_data (:, [1, 4, 7, 10,

13])) / 1000; % Columns B, E, H, K, N, converted to mm
13 particle_size = [2000 , 960, 490, 183, 54] / 1000; % Given particle

sizes , converted to mm
14
15 levitation_height_simulation = [0.21304 , 0.21015 , 0.20515 , 0.1945 ,

0.17298 , 0.13045]; % Simulation data
16 particle_size_simulation = [2000 , 990, 490, 240, 115, 52.5] / 1000; %

Simulation particle sizes , converted to mm
17
18 % Fit a curve to the simulation data using power -law fitting
19 fit_result = fit(particle_size_simulation ', levitation_height_simulation

', 'power2 ');
20
21 % Smooth curve points
22 smooth_particle_size_simulation = linspace(min(particle_size_simulation)

, max(particle_size_simulation), 10000);
23 smooth_levitation_height_simulation = feval(fit_result ,

smooth_particle_size_simulation);
24
25 % Plotting
26 figure;
27 hold on;
28 h_measurement = scatter(particle_size , mean(levitation_height , 1), 50, '

b', 'filled '); % Scatter plot of mean measurement data
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29 errorbar(particle_size , mean(levitation_height , 1), std(
levitation_height , 0, 1), 'b', 'LineStyle ', 'none'); % Error bars
for measurement data

30 h_simulation = plot(smooth_particle_size_simulation ,
smooth_levitation_height_simulation , 'r--'); % Smooth line plot of
simulation data

31 hold off;
32
33 xlim([min([ particle_size , particle_size_simulation ]) - 0.1, max([

particle_size , particle_size_simulation ]) + 0.1])
34 ylim([min([ levitation_height (:); levitation_height_simulation (:)]) -

0.05, max([ levitation_height (:); levitation_height_simulation (:)]) +
0.05])

35 xlabel('Graphite Particle Size [mm]', 'FontSize ', font_size);
36 ylabel('Levitation Height [mm]', 'FontSize ', font_size);
37 set(gca , 'FontSize ', font_size); % Set font size for tick labels and

axis labels
38 grid on;
39
40 % Set the legend with font size
41 lgd = legend ([ h_measurement , h_simulation], {'Measurement ', 'Simulation '

}, 'Location ', 'northwest ', 'FontSize ', font_size);
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Appendix E

MATLAB code Figure 2.4b

1 clear
2 close all
3 clc
4
5 % Define font size
6 font_size = 13;
7
8 % Input data
9 frequency = [33.28 , 34, 34, 34.81 , 34.63];

10 particle_size = [2000 , 960, 490, 183, 54] / 1000;
11
12 % Input simulation data
13 simulation_frequency = [31.6275 , 31.6321 , 31.7059 , 31.8879 , 32.2828 ,

33.3507];
14 simulation_particle_size = [2000 , 990, 490, 240, 115, 52.5] / 1000;
15
16 % Create a cell array of strings for particle sizes
17 particle_labels = cellstr(num2str(particle_size ', '%.2f mm'));
18
19 % Set colors for the measurement and simulation data
20 measurement_color = [0, 0, 1]; % Blue color
21 simulation_color = [1, 0, 0]; % Red color
22
23 % Fit a curve to the simulation data using power -law fitting
24 fit_result = fit(simulation_particle_size ', simulation_frequency ', '

power2 ');
25
26 % Smooth curve points
27 smooth_simulation_particle_size = linspace(min(simulation_particle_size)

, max(simulation_particle_size), 10000);
28 smooth_simulation_frequency = feval(fit_result ,

smooth_simulation_particle_size);
29
30 % Plotting
31 figure;
32 hold on;
33 scatter(particle_size , frequency , 50, measurement_color , 'filled ');
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34 % Scatter plot of simulation data is replaced with a line plot for
smoothness

35 plot(smooth_simulation_particle_size , smooth_simulation_frequency , 'r--'
);

36 hold off;
37 xlim([min([ particle_size , simulation_particle_size ]) - 0.1, max([

particle_size , simulation_particle_size ]) + 0.1])
38 ylim ([30, 37])
39 xlabel('Graphite Particle Size [mm]', 'FontSize ', font_size);
40 ylabel('Frequency [Hz]', 'FontSize ', font_size);
41 set(gca , 'FontSize ', font_size); % Set font size for tick labels and

axis labels
42 grid on;
43
44 % Set the legend using custom colors and font size
45 lgd = legend('Measurement ', 'Simulation ', 'Location ', 'best', 'FontSize '

, font_size);
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Appendix F

MATLAB code Figure 2.4c

1 clear
2 close all
3 clc
4
5 % Set font size
6 font_size = 13;
7
8 % Set axis limits
9 xmin = 3e-2;

10 xmax = 3;
11 ymin = 2.5e2;
12 ymax = 0.7e6;
13
14 % Load COMSOL simulation data from Excel
15 comsol_file = 'comsol_data.xlsx';
16 comsol_sheet = 1;
17 comsol_range = 'F:G';
18 comsol_data = readtable(comsol_file , 'Sheet', comsol_sheet , 'Range',

comsol_range , 'VariableNamingRule ', 'preserve ');
19 comsol_particle_size = comsol_data {:, 1};
20 comsol_q_factor = comsol_data {:, 2};
21
22 % Load measurement data from Excel
23 measurement_file = 'measurement_data.xlsx';
24 measurement_sheet = 1;
25 measurement_range = 'A:Z';
26 measurement_data = readtable(measurement_file , 'Sheet',

measurement_sheet , 'Range', measurement_range , 'VariableNamingRule ',
'preserve ');

27 measurement_particle_size = measurement_data {:, 1};
28 measurement_values = measurement_data {:, 2:end};
29
30 % Calculate the mean and standard deviation for each particle size ,

ignoring NaN cells
31 mean_measurement_values = nanmean(measurement_values , 2);
32 measurement_errors = nanstd(measurement_values , 0, 2);
33
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34 % Scale the measurement errors
35 scaling_factor = 10; % Increase the error bars size
36 measurement_errors = scaling_factor * measurement_errors;
37
38 % Create a new figure with logarithmic scales
39 figure;
40 hold on;
41
42 % Set the marker color for the measurement dots to blue
43 marker_color = 'b';
44
45 % Plot the COMSOL simulation data in red (appearing second in the legend

)
46 h_sim = plot(comsol_particle_size , comsol_q_factor , 'r--', 'LineWidth ',

1, 'DisplayName ', 'Simulation ');
47
48 % Plot the measurement data with error bars and blue marker color (

appearing first in the legend)
49 h_meas = errorbar(measurement_particle_size , mean_measurement_values ,

measurement_errors , 'o', 'LineWidth ', 1, 'MarkerFaceColor ',
marker_color , 'MarkerEdgeColor ', marker_color , 'Color', marker_color ,
'DisplayName ', 'Measurement ');

50
51 % Set axis labels and title
52 xlabel('Graphite Particle Size [mm]');
53 ylabel('Q Factor ');
54
55 % Adjust the axis limits
56 xlim([xmin , xmax]);
57 ylim([ymin , ymax]);
58
59 % Set logarithmic scale for both x-axis and y-axis
60 set(gca , 'XScale ', 'log');
61 set(gca , 'YScale ', 'log');
62
63 % Add the legend with "Measurement" (blue) and "Simulation" (red dotted

line) entries
64 lgd = legend ([h_meas , h_sim], 'Location ', 'best');
65 set(lgd , 'FontSize ', font_size); % Set legend font size
66
67 % Set font size for labels and tick labels
68 set(gca , 'FontSize ', font_size);
69
70 % Adjust the plot appearance
71 grid on;
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Appendix G

Laser cutter parameters

In the table provided below, we present two distinct configurations for the LASEA laser cutter, showcasing
its versatility in accomplishing different tasks. The settings are divided into two categories: Blue and
Red, each denoting specific functions in the laser cutting process.

Blue Settings: Cutting Out 2x2mm Plate

The entries marked with the color parameter set to Blue represent the cutting parameters utilized for
the precise task of cutting out a 2x2mm plate from a larger substrate.

Red Settings: Cutting Pattern into Plate

Conversely, the entries highlighted with the color parameter set to Red outline the cutting parameters
used for a different purpose: engraving intricate patterns onto a plate. In this mode, the LASEA laser
cutter functions as an engraving tool, meticulously etching the prescribed design onto the plate’s surface.

Delays Delays
LaserOn Delay 260 LaserOn Delay 260
LaserOff Delay 260 LaserOff Delay 260
Jump Delay 300 Jump Delay 300
Mark Delay 300 Mark Delay 300
Polygon Delay 0 Polygon Delay 0
Layer Delay 0 Layer Delay 0
Design Design
Color Blue Color Red
Global Global
Speed 50 Speed 50
Jump Speed 50 Jump Speed 50
Burst Rate 25000 Burst Rate 25000
Burst Time 10 Burst Time 10
Repetitions 400 Repetitions 100
Sky Writing False Sky Writing False
Laser Laser
Pulse Rate 75018 Pulse Rate 75018
Power 25 Power 7

Table G.1: Cutting parameters for the LASEA laser cutter.
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Literature review
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1
Introduction

From the beginning of mankind, levitation has been an exciting phenomenon. Birds seemingly hovering
high up in the sky awaiting their chance to dive down on their unsuspecting prey. Many stories have
been told and written down about people levitating, for instance in the Bible. In the past centuries, a lot
of research has been done on magnetism and levitation. By now it’s well understood and implemented
in many applications because there is no mechanical contact. This gives the opportunity for isolation
from its environment and avoiding for instancemechanical friction in the case of a maglev train levitating
above a track [1]. Or a chemical reaction conducted contact-free without containers or handling that
might affect the outcome [2].
There are many ways to achieve levitation, for instance, by the use of magnets, superconductors,
electric fields, laser beams, and sound waves. Magnets though can have a very distinctive feature,
only with the combined use of permanent magnets and a diamagnetic material can stable levitation at
zero power be achieved. This opens up great possibilities for realizing resonant energy harvesters and
sensors. But in order to optimize these applications, a high quality factor is necessary. This literature
review will focus on what influences the quality factor in a diamagnetically levitating resonator and how
it can be improved.
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2
Levitation

Levitation of micro- and nano-objects and their control of them while levitating has been of great in-
terest to scientists for a while. A number of physical phenomena can be used for stable levitation,
such as sound waves or beams of laser light, using a combination of magnets and superconductors,
having charged particles in alternating electric fields, and using a diamagnetic material on an electro-
magnet or permanent magnet [3]. Levitation is used for many applications, for instance, containerless
processing and investigation of materials, frictionless bearings, and high-speed ground transportation,
for spectroscopy of single atoms and micro- and nano-particles, and for resonant sensors and energy
harvesters [3, 4].

2.1. Magnetic levitation
Magnetic levitation comes in a few forms, the ”regular” one with permanent magnets or electromagnets
or a combination of both. There is also superconductive levitation and diamagnetic levitation.

2.1.1. Magnets
Levitation with solely classic magnets without any stabilization technique can never be stable levitation,
as shown by Earnshaw’s theorem [5]. Such a technique could for instance be rotation, hence the gyro-
scopic effect, as shown in Figure 2.1 on the left. It can also be achieved by active controls, measuring
the speed and position of the levitated object, and using a feedback loop to continuously adjust one or
more electromagnets to keep the levitated object stably levitated. This is for instance used on maglev
trains. Another stabilization technique would be to use mechanical support, for instance, a rod. This
makes it possible to get free pseudo-levitation, an example is shown in Figure 2.1 on the right.
The upsides of using permanent and/or electromagnets are that they can lift large and heavy objects
such as trains and cars. There is a possibility for free pseudo-levitation and because of this, the sys-
tem can vibrate. The vibrations can be used for energy harvesters for instance [6, 7]. The downsides
however are that because of this pseudo-levitation you will always lose energy in the stabilization tech-
nique.

Figure 2.1: On the left magnetic levitation stabilized using rotation is shown [8]. On the right Pseudo-levitation of two
permanent magnets on a guide rod is shown [9].
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2.2. Electric levitation

2.1.2. Superconductive
Superconductive levitation is more accurately known as quantum levitation or quantum locking [10].
This is a quantum state in which a superconductor can levitate over a magnet or vice versa. The
term quantum locking seems a bit more accurate since the levitated superconductor is really locked
in space. The magnet can for instance be freely rotated without the superconductor moving with re-
spect to the magnetic field lines of the magnet. This is caused by the Meissner effect, which occurs
when a superconductor is cooled below its critical temperature and becomes superconductive. The
magnetic field lines, instead of running through the superconductor, are ejected by the superconductor
as shown in Figure 2.2 on the left. Since nothing in this universe is perfect, not all the lines are ejected
by the superconductor. They will still move through the superconductor, but they cluster together. This
phenomenon is called flux pinning and is shown in Figure 2.2 on the right. Superconductive levita-
tion is great for stably levitating objects. When a magnet is suspended above a superconductor it’s
stably levitated, but it can still vibrate. Again these vibrations can be used for energy harvesting or
measurements.

Figure 2.2: On the left expulsion of magnetic field lines is shown [11]. On the right flux pinning and the magnetic field lines that
are associated with it are shown [12].

2.1.3. Diamagnetic
Diamagnetism is a quantum mechanical effect that occurs in all materials. This causes the material to
be repelled by a magnetic field. Even though all materials have a diamagnetic effect, not all materials
are diamagnetic. If the magnetic effects overcome the diamagnetic effect, that specific material would
be magnetic. A magnetic field, independent of its direction, creates an induced magnetic field in the
diamagnetic material, causing a repulsive force. As mentioned before, all materials are diamagnetic,
but if amaterial has a greatermagnetic effect than diamagnetic effect, thematerial is said to bemagnetic.
The great difference between diamagnetic levitation and magnetic levitation is that with diamagnetic
levitation stable levitation is possible without the use of any stabilization technique. This makes stable
and free levitation possible [13].

2.2. Electric levitation
Electric levitation is used to levitate charged particles in an electric field.

2.2.1. Electrostatic
Electrostatic levitation is a form of levitation in which a charged particle is levitated in an electric field.
Just like with subsection 2.1.1 electrostatic levitation is also never stable without any stabilization tech-
nique [5]. A much-used stabilization technique for electrostatic levitation is covered in subsection 2.2.2.
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2.3. Optical levitation

2.2.2. Quadrupole ion trap
The quadrupole ion trap also called a Paul trap, is a form of electrostatic levitation capable of levitating
a charged particle stably. This is achieved by placing a charged particle between four plates with a
changing potential in time, this is shown in Figure 2.3.

Figure 2.3: Changing potential of a quadrupole ion trap [14].

The positively charged particles are shown in red. The blue area’s are the plates with a positive or
negative charge and the blue arrows indicate the direction of the electric field. The positively charged
particles in the center of the ion trap are rotating within the electric field. At the center of the positively
charged particle cloud the particles are stably levitated.

2.3. Optical levitation
Optical levitation can be achieved by optical tweezers (originally called a single-beam gradient force
trap). This is a way of holding and moving small (nano- to micron-sized [15]) dielectric particles using
a focused laser beam. When this is done in air or vacuum and a particle can be held without any form
of support besides the laser beam, it can be called optical levitation.

The laser creates an attractive force towards the center of the laser beam (the laser intensity has a
gradient being the highest in the center) due to the conservation of momentum. This force (usually in
the order of piconewtons) depends on the relative refractive index between the particle and surround-
ing medium [16]. When looking at Figure 2.4 at the unfocused laser beam, it can be seen that when
the particle leaves the center of the beam there is a net force (Fnet) towards the center because of the
photons changing direction due to the refraction of the light by the particle. Notice that when there is no
force counteracting this Fnet the particle will keep moving away from the laser beam origin. This can
be solved by using a focused laser beam as can be seen in Figure 2.4. Using a focused laser beam
the particle can be kept around the beam waist (the narrowest point of the focused beam).

Figure 2.4: On the left an unfocused laser beam trapping a particle can be seen [17]. On the right a focused laser beam
trapping a particle can be seen [18].
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2.4. Acoustic levitation

For optical tweezers the expression of the quality factor is shown in Equation 4.3, with trapping force
F , laser power P , light velocity c, and refractive index of the medium n1 [19].

Q =
Fc

Pn1
(2.1)

2.4. Acoustic levitation
Acoustic levitation is a way of levitating objects using high-intensity sound waves. The high intensity
is necessary to overcome the gravitational acting on the levitating objects. It is also the only levitation
technique that depends solely on the material density and size of the object (depending on the wave-
length) and not the electrical charge, magnetic susceptibility, or refractive index. Another advantage is
that it can suspend both liquids and solids. There are several possible setups for acoustic levitators as
can be seen in Figure 2.5.

Figure 2.5: Schematic of different types of acoustic levitators. (a) Single-axis acoustic levitator. (b) Two-dimensional
manipulation of multiple drops using an array of Langevin-type transducers and an opposing reflector. (c) Three-dimensional

manipulation of levitated particles using four orthogonal arrays of ultrasonic emitters. (d) Single-beam trapping. [20].

The single beam and two-dimensional levitators can only be used to trap an object and are relatively
unstable in the direction perpendicular to the sound wave. The three-dimensional levitator is however
stable in all directions and can even be used for controlled manipulation of the object by changing the
frequencies of the sound waves in certain directions. The stable point for objects to levitate is at the
point of minimal force, which is where the sound waves cancel each other out. This is somewhat similar
to the stable point in a focused laser beam as discussed in section 2.3 and shown in Figure 2.4.

2.5. Comparison
Table 2.1 shows a comparison of the pros and cons of the different levitation techniques discussed in
chapter 2.

Magnets Superconductive Diamagnetic Electrostatic Quadrupole ion trap Optical Acoustic
Passive levitation ✓ x ✓ x x x x

Stable levitation without any stabilization technique x ✓ ✓ x ✓ x x
Vacuum compatibility ✓ ✓ ✓ ✓ ✓ ✓ x

Ability to levitate macro scale ✓ ✓ ✓ x x x x
Ability to levitate any material x x x x x x ✓

Table 2.1: A comparison of the different levitation techniques.

47



3
Diamagnetism

3.1. Materials
Diamagnetic materials, unlike magnetic materials, are always repelled by a magnetic field. An applied
magnetic field in a diamagnetic material creates an induced magnetic field in the opposite direction,
causing a repellent force. This property in combination with an inhomogeneous magnetic field can be
used for stable and free levitation [13].
The relation between the magnetization of a material (M) and the magnetic field strength (H) is defined
as:

M = χvH
From this, it can be seen that diamagnetic materials have a volume magnetic susceptibility (χv) less
than or equal to 0 in order to get an opposing magnetic field compared to the magnetic field source. The
strongest type of diamagnets is superconductors. Superconductors can be considered to be perfect
diamagnets since χv = −1 [21]. The downside of superconductors is the fact that they need to be kept
very cold. For instance, SmFeAsO1−δ, which is a high-temperature superconductor, has its critical
temperature at 55K [22].
When looking at Table 3.1 it can be seen that there are more materials with diamagnetic properties (this
table only shows a few other materials, there are many more). Actually, all materials have a diamag-
netic effect, not all materials are diamagnetic. If the magnetic effects overcome the diamagnetic effect,
that specific material would be considered magnetic and not diamagnetic.

Table 3.1: Notable diamagnetic materials [21].

Material χv[× 10−5]
Superconductor −105

Pyrolytic carbon −40.9
Bismuth −16.6
Neon −6.74
Mercury −2.9
Silver −2.6
Carbon (diamond) −2.1
Lead −1.8
Carbon (graphite) −1.6
Copper −1.0
Water −0.91

One material that might not be the first that comes to mind when thinking about diamagnetism is
water. In 1997 one of the most interesting experiments concerning diamagnetic levitation was done.
The researchers managed to levitate small objects such as live frogs (Figure 3.1), grasshoppers, water-
drops (Figure 3.1), flowers and hazelnuts [23]. For this experiment, they used a 20 Tesla Bitter solenoid
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3.2. Applications

at around 16T at the Nijmegen High Field Magnet Laboratory. The electromagnet consumed 4MW
during the experiment, which is way too much for daily use. The researchers won the Ig Nobel Prize
in 2000 for this study.

Figure 3.1: A frog and a waterdrop levitate inside a Ø32mm vertical bore of a Bitter solenoid in a magnetic field of about 16T
[23, 24].

But besides water, as can be seen in Table 3.1, there are morematerials that have a higher magnetic
susceptibility than water, with the advantage that this property is there at room temperature. This makes
levitation at zero power possible. In recent years levitation of liquid droplets [25, 26], cells [27], and
solid particles [26] have been demonstrated using small permanent magnets.
The most interesting material to use nowadays, also shown in Table 3.1, is pyrolitic graphite. The

properties of pyrolitic graphite are shown in Table 3.2

Table 3.2: Properties of pyrolitic graphite [4].

Property Symbol Value Unit
Density ρ 2070 kg/m3

Susceptibility ⊥ χz −450 ×10−6

Susceptibility ∥ χx,y −85 ×10−6

Conductivity ⊥ σz 200 S/m
Conductivity ∥ σx,y 200000 S/m

3.2. Applications
As mentioned in section 3.1 with a relatively strong diamagnetic material at room temperature and the
use of strong permanent magnets, it is possible to achieve levitation at a small scale of the diamagnetic
material at zero power. This gives a whole range of possible applications, such as accelerometers [28,
29], energy harvesters [30, 31, 32], viscosity and density sensors [33] and force sensors [34].
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4
Quality factor

The quality factor also referred to as the Q factor, is a dimensionless parameter describing how un-
derdamped an oscillatory system is. This means that ζ < 1 with ζ being the damping ratio which is a
non-dimensional characterization of the decay rate relative to the frequency of the oscillatory system.
In other words, the higher the Q factor, the longer it takes for the oscillatory system to dampen out.

4.1. Damping
For diamagnetic resonators, the main sources of dissipation are air and eddy current damping [30, 32,
35]. When the resonator is operated in a vacuum, it’s possible to eliminate air damping, so that the only
remaining dissipative force is eddy current force, which can be minimized to obtain high Q resonators
[4].

4.2. Air damping
The air damping for diamagnetic resonators is caused by the drag force through the air. This force can
be relatively easily eliminated by operating diamagnetic resonators in a vacuum. It can be seen from
earlier performed experiments that the influence of air damping on the Q factor is neglectable from
about 10−3mbar, as can be seen in Figure 4.1.

Figure 4.1: Pressure-dependent Q factor of a 8.03× 8.24× 0.28mm3 levitating plate [4].

4.3. Eddy currents
Eddy currents are a physical phenomenon explained by Faraday’s law of induction. Eddy currents are
loops of an electric current induced by a changing magnetic field passing through an electric conductor.
When for instance a disk is rotating through a stationary magnetic field, the magnetic flux in a given
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4.3. Eddy currents

area of the disk changes. When a given area of the disk is getting closer to the magnet the strength of
the magnetic field increases

(
dB
dt > 0

)
, then according to Faraday’s law of induction, a current is created

perpendicular to the direction of the magnetic field. When the disk is moving away from the magnet(
dB
dt < 0

)
, the same thing happens, but the current loop changes direction. An example of this is shown

in Figure 4.2.

Figure 4.2: An example of eddy currents in an eddy current brake [36].

In Figure 4.2 it can be seen that the eddy currents (I) are induced by the disk (D) rotating through
the magnetic field (B). The blue lines are magnetic field-created loops of electric current as stated by
Ampere’s circuital law. The N and S are the north and south poles of the stationary magnet respectively.
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4.3. Eddy currents

As shown above in section 4.3 eddy currents can be used as a brake [37, 38], this is due to the fact
that eddy currents can dissipate a lot of power in the form of heat. This heat is created because the
electric conductor has an electric resistance larger than zero.
The amount of power dissipated by the eddy currents per unit mass for a thin sheet is given by the
following formula [39]:

P =
π2B2

pd
2f2

6ρD
(4.1)

In which P is the power lost per unit mass (W/kg), Bp is the peak magnetic field (T ), d is the thick-
ness of the sheet or diameter of the wire (m), f is the frequency (Hz), ρ is the resistivity of the material
(Ωm), and D is the density of the material (kg/m3).

Together with this power loss comes a drag force (F2), which can be seen in Figure 4.3.

Figure 4.3: The movement of electrons causing a drag force [40].

When a sheet of a conductive material (C) is moving relative to a magnetic field, the electrons in
this sheet travel in the same direction and with the same velocity (v) as the sheet. When the electron
passes through the magnetic field a Lorentz force (F1) is exerted on the electron (in this example e1):
F1 = −e (v×B), where e is the electron’s charge. This Lorentz force causes the other electron (e2) to be
accelerated and therefore for it to get a sideways velocity (v2). Due to this velocity and the still present
magnetic field, another Lorentz force (F2 = −e (v2×B)) is exerted on e2 in the direction opposite from
the velocity (v). In a sheet passing through a magnetic field, a Lorentz force is exerted on a large
number of electrons. The sum of these Lorentz forces is the drag force experienced by the moving
sheet.
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5
State of the art

When, as mentioned in section 3.2, you want to use diamagnetic levitation for accelerometers, energy
harvesters, and sensors, it’s important to have the least amount of damping possible to achieve a
high quality factor. When a pyrolytic graphite plate is levitated over magnets and made to vibrate, a
magnetic flux change occurs in the plate, which induces eddy currents, which leads to drag forces and
thus damping (as mentioned in section 4.3 shown in Figure 4.3).
It is important to minimize the number of eddy currents in the pyrolytic graphite plate.
One way of doing this is by reducing the pyrolytic graphite plate size, the smaller the size, the fewer
eddy currents can exist, this can be seen on the right side in Figure 5.1. The downside of this is
that the smaller the plate gets, the smaller the objects (for instance droplets) we can levitate on the
plate become. In an attempt to preserve the macro-scale levitation but reduce the ”plate size” pyrolytic
graphite micro-particles (powder) were put in an electric insulating composite. If the particles don’t
touch the eddy currents can’t flow freely and they will therefore occur less [41]. This results in an
increase of the Q factor. An example of this can be seen on the left side of Figure 5.1.

Figure 5.1: The influence of the pyrolytic graphite size on the Q factor [41].

In the experiments, shown in Figure 5.1, a Q factor as high as 0.5 million was reached when using
a graphite powder with a particle size of 2.7−22.7µm was dispersed in Epotek 302-3M epoxy [41].
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5.1. Modelling

The setup in which these measurements were done can be seen in Figure 5.2.

Figure 5.2: Schematic of the measurement setup [41].

The setup comprised of an MSA400 Polytec laser Doppler vibrometer (LDV) for the readout and
the electrostatic excitation method. The actuation voltage is generated by the function generator and
is amplified by a 20× voltage amplifier that drives the levitating diamagnetic plate into resonance. The
electrostatic force is generated via the magnets which are connected to electrodes beneath the levitat-
ing plate. The magnets are separated by Kapton tape for insulation. By focusing the MSA laser beam
on the plate, the vibration signal is detected, and the acquired velocity is transferred to a PC for spectral
analysis [41].

5.1. Modelling
Measuring the exact location and direction of eddy currents isn’t possible. So to quantify the eddy
current damping of the levitating resonator, a FEM model was developed to evaluate the eddy current
damping force [4]. The multiphysics simulation software used in this case is COMSOL. Using this
a visual model can be made to get a better understanding of how the eddy currents are distributed
throughout the material. An example of this can be seen in Figure 5.3.

Figure 5.3: Visualization of eddy currents using COMSOL [4].

In this figure, the eddy current density simulations of two different rigid body modes of a diamagnet-
ically levitating graphite plate can be seen.
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5.2. Problem

The model can also be used to predict the Q factor as a function of plate length L (where the plate
thickness t and magnet size D are also scaled (D = 1.2L and t = 0.03L)). This is shown in Figure 5.4.

Figure 5.4: Simulation of the Q factor as a function of plate length L [4].

5.2. Problem
When comparing the Q factor from the simulation Figure 5.4 to the Q factor from the measurements
done with the pyrolytic graphite powder plate Figure 5.1. It can be seen that for equal length (d = L),
the Q factor from the measurements is much lower than the theory.
This is caused by the graphite micro-particles not fully separating from each other, this is shown in
Figure 5.5.

Figure 5.5: The left figure shows an electron microscopy image of the size and morphology of the graphite particles. The right
figure shows a schematic of the eddy currents generated inside the graphite micro-particles that are distributed in the

composite [41].

When the micro-particles are touching each other they act in the same way as one larger micro-
particle, creating a larger plate length and more eddy currents, which results in a lower Q factor.
The clustering of the micro-particles is a problem that has to be resolved.

Therefore the main research question resulting from this literature review is:

How can the distribution of the graphite micro-particles be controlled and thus ensure that no micro-
particles are making contact to reduce the eddy currents and therefore increase the quality factor with-
out losing the ability to levitate macro-scale objects?

Also a sub-objective results from the literature review:

the existing FEM model to quantify the eddy current damping should be verified.
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6
Research

In the latest research on diamagnetically levitating graphite resonators, quality factors as high as 0.5
million (Figure 5.1) were obtained by insulating graphite particles using an epoxy matrix, as shown in
chapter 5. The future goal is to increase the quality factor even further to a million or higher. The
biggest factor in increasing the Q factor is decreasing the eddy currents in the pyrolytic graphite plate.
Several ways to realize this are shown in Figure 6.1.

Figure 6.1: Several ways to decrease eddy currents and increase the Q factor.

Trying different outer shapes for the graphite plate would be an option, this may slightly interrupt
the path of the eddy currents, but for the most part, they would still be able to move freely through the
material.
Decreasing the size of the graphite plate would work, the smaller the material, the fewer eddy currents
can exist as shown in chapter 5. The downside of this is losing the ability to levitate macro-scaled
objects, whilst this is an important property to maintain.
Making cuts in the graphite plate can reduce eddy currents, but making random cuts may not give a
satisfying outcome. For instance, making cuts in places where there are few eddy currents decreases
the ability to levitate macro-scaled objects, but doesn’t reduce the eddy currents much. But this could
be an interesting method once a verified FEM model has been made and cuts can be made in places
where eddy currents are predicted to be dominant.
Using a finer pyrolytic graphite powder than the one used in previous experiments will increase the
Q factor (Figure 5.1). But making a finer powder than the used 2.7−22.7µm size is difficult. This also
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6.1. Laser cutting

wouldn’t solve the clustering problem mentioned in section 5.2.
Using a different composite than Epotek 302-3M epoxy to disperse the graphite powder would be an
option. If the composite has a lower density than the Epotek 302-3M epoxy, for instance, silica aero-
gel. In this case, less powder is needed to achieve levitation, but this still doesn’t solve the clustering
problem, though there would be less clustering because there are fewer particles in an equal volume,
assuming an equal particle distribution.
Trying to position the graphite powder particles in a controlled way ensuring there is no clustering would
be perfect, though there doesn’t seem to be a way to achieve this with a powder dispersion in a com-
posite.
When using segmentation of a solid piece of pyrolytic graphite instead of a powder dispersion, the
placement of the segments can be accurately controlled ensuring no contact between the segments.
If the segments can be made small enough, it is possible to achieve very high Q factors.
Three ways of creating these segments were investigated, the first one being lithography. There are
two main types of lithography, photolithography, and electron-beam lithography. Photolithography is
a patterning process in which a photosensitive polymer is selectively exposed to light through a mask,
leaving a latent image in the polymer that can then be selectively dissolved to provide patterned access
to an underlying substrate [42]. Current state-of-the-art photolithography tools use deep ultraviolet light
with wavelengths of 248−193nm, allowing feature sizes below 100nm to be printed with good yield [43].
The downside is that it’s very expensive and difficult to use. Also, pyrolytic graphite isn’t a material
normally used with photolithography.
Electron-beam lithography has a lot in common with photolithography, but instead of sending light
through a mask electron-beam lithography uses a focused beam of electrons to draw custom shapes
on a surface. Features as small as 5nm and below have been fabricated using e-beam lithography
[44]. This method is cheaper to use than photolithography, but also in this case pyrolytic graphite isn’t
a material normally used in this process.
Atomic force microscopy (AFM)-based electrochemical etching of pyrolytic graphite has been studied
for single atomic layer lithography [45]. But it doesn’t seem to be used for etching bigger structures.
Another way of cutting into a material is using a laser cutter. The feature size of laser cutting is larger
than with the use of lithography, but it’s much cheaper and easy to use. Another great advantage is that
the Delft University of Technology already has one, so no investments or outsourcing has to be done.
This machine has a cutting width of about 30µm, which for the purpose of this research is sufficient.

6.1. Laser cutting
Laser cutting is a process in which a focused bursting laser beam vaporizes materials, resulting in a
cut edge. When used for cutting pulsed lasers which provide a high-power burst of energy for a short
period are very effective, particularly for piercing, or when very small holes or very low cutting speeds
are required since if a constant laser beam is used, the heat could reach themelting point of thematerial.
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6.2. First results

Now, for making segments in a pyrolytic graphite plate, using the laser cutter the required steps are
shown in Figure 6.2.

Figure 6.2: A side view of the steps required for segmenting a graphite plate using a laser cutter.

The first step is to apply a non-conductive base layer to the graphite plate, this can for instance be
epoxy.
Secondly, the laser is programmed with the right parameters, such as laser power, cutting speed, and
the number of repetitions. Also, the desired pattern is set and the laser is focused. Then the cutting
begins.
Once finished the graphite is pierced, but the non-conductive base layer is also cut and weakened.
A new non-conductive base layer (doesn’t have to be the same material) has to be applied.
The first non-conductive base layer can then be removed, giving a solid segmented pyrolytic graphite
plate

6.2. First results
A few experiments have already been done. The first results of the laser cutting are shown in Figure 6.3.

Figure 6.3: On the left side a graphite plate cut to 2× 2mm can be seen. On the right, there’s a graphite plate of the same
size, but with a 3× 3 matrix cut into it.

Some first measurements were performed with these two plates, they were performed with the same
measurement setup as mentioned in chapter 5 and shown in Figure 5.2.
The measurements were performed as followed: The excitation voltage is generated by the Polytec
junction box, in case of resonance frequency measurements, or a function generator when a ring-down
response is of interest. The electrostatic force is applied via the magnets which are directly connected
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6.2. First results

with two electrodes beneath the levitating plate. To isolate the magnets from one another Kapton tape
is used. Since the electrostatic force is proportional to the square of the voltage, a DC offset voltage
is added to make sure the electrostatic force has a component of the same frequency as the output
voltage. Finally, to read out the motion, a Polytec LDV is used. The LDV measurements are conducted
in a vacuum chamber at a pressure of about 10−5mbar at room temperature [41].

After performing a ring-down fit the Q factor of both plates can be calculated, the results are shown
in Figure 6.4.

Figure 6.4: On the left, the result of the ring-down fit of the plate without cuts is shown. On the right, the result of the ring-down
fit of the plate with cuts is shown.

It can be seen that the Q factor increases when the pyrolytic graphite plate is cut into segments,
though it must be mentioned that the increase isn’t as high as expected. Considering that a segment
is roughly 0.6mm for the 3× 3 matrix plate, comparing this to the theoretical model, the Q factor should
have been around 6000− 7000.
After putting the 3 × 3 matrix plate under the microscope, it could be seen that the cuts didn’t go
completely through the graphite, this is shown in Figure 6.5. This most likely allowed eddy currents
to still pass from one segment to the other, causing more eddy currents and thus a lower Q factor. In
future experiments, this will have to be resolved by for instance using different laser parameters or a
different non-conductive base layer.

Figure 6.5: A side view of the 3× 3 matrix plate under the microscope at a 3000× magnification.

59



7
Timetable

In the upcoming months, the research question and sub-objective(s) have to be accomplished. A
timetable is made to make sure the objectives are achievable within the available time frame.

In December, January, and February pyrolytic graphite plates have to be cut and viewed under the
microscope if the cuts are completely through.
During January and February measurements have to be done on the plates that were correctly cut.
Using thesemeasurements the FEMmodel (in COMSOL) can be verified and adapted when necessary.
Halfway into February new plates based on the improved and verified COMSOL model should be
designed and cut by the end of March.
From March till mid-April measurements have to be performed on these new plates, most likely several
iterations are necessary here.
In the meantime from mid-February till the end of May, the thesis report has to be written and finished.
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